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Purification and Properties of Trans-N-Deoxyribosylase’ 


ALLAN H. Rovusu anv Rosert F. Berzt 


From the Department of Biology, Illinois Institute of Technology, Chicago, Illinois 


(Received for publication, January 16, 1958) 


MacNutt (1) was the first to demonstrate the presence of an 
enzyme that catalyzes the transfer of the deoxyribosy] radical 
of deoxyribonucleosides to purines and pyrimidines in extracts of 
three bacterial species that require deoxyribonucleosides for 
growth. In addition, the presence of a deoxyribonucleoside 
hydrolase was noted in Lactobacillus helveticus extracts. The 
reaction products were identified by chromatographic methods 
and microbiological assays; Kalckar et al. (2) verified the trans- 
fer nature of the reaction with the aid of C“-adenine. Hoffmann 
(3) and Lampen (4) have reported briefly on similar enzymes in 
Escherichia colt. 

The present paper describes some of the properties of a partly 
purified enzyme from L. helveticus extracts which we call ‘“‘trans- 
N-deoxyribosylase” (MacNutt (1) named the enzyme “trans- 
N-glycosidase’”’). Auxiliary enzymes have been used to detect 
and determine the products of the reaction. 


METHODS 


Materials—The sodium salt of thymus DNA! was prepared 
by the method of Hammarsten (5). The DNA was hydrolyzed 
with crystalline deoxyribonuclease (Worthington Biochemical 
Corp.) by MacNutt’s (1) procedure and the deoxyribonucleo- 
sides were isolated by the method of Anderson et al. (6).2_ The 
products were characterized by absorption spectra (1, 6), enzy- 
matic assay of the constituent purines (7-10) and cytosine 
(11), and by melting points (1,6). The following constants were 
found (absorbancies were measured in pH 7.0, 0.1 m phosphate) : 
deoxyguanosine, H239/H290 0.67, decomposition point near 240°; 
deoxyinosine, E230 / E250 0.25, decomposition point near 220°; thy- 
midine, Eo30/E260 0.73, m. p. 181 to 182°; deoxycytidine hydro- 
chloride, E2go/E260 0.94, m. p. with decomposition point 169-173°. 
Another preparation of the deoxyribonucleosides starting with 
sperm DNA (Nutritional Biochemicals Corp.) and partly puri- 
fied pancreatic deoxyribonuclease was equally successful. 

Cytosine, deoxyadenosine, and 6-mercaptopurine were ob- 
tained from the California Foundation for Biochemical Research. 
Guanine, adenine, xanthine, thymine, uracil, and inosine were 
obtained from Nutritional Biochemicals Corp. Hypoxanthine 
was purchased from Schwartz Laboratories, Inc. 


* This investigation was supported by Research Grant C1730 
from the National Cancer Institute, National Institutes of Health 
United States Public Health Service. 

+t From a dissertation presented by Robert F. Betz to the 
Graduate School of Illinois Institute of Technology in partial 
fulfillment of the requirements for the Ph.D. degree, June, 1955. 

1The abbreviations used are: DNA, deoxyribonucleic acid; 
Tris, tris(hydroxymethyl)aminomethane. 

2 The authors gratefully acknowledge gifts of a generous supply 
of resins from the Dow Chemical Co. and from Rohm and Haas 
Co. 


8-Azaguanine (5-amino-7-hydroxy-1-v-triazolo(d)-pyrimidine) 
was synthesized by the method of Bennett (12). It was char- 
acterized by absorption spectrum (H20/H260 1.17, pH 7) and the 
action of guanase (9). 8-Azaxanthine (5,7-hydroxy-1-v-tria- 
zolo(d)-pyrimidine) was synthesized from 8-azaguanine by the 
method of Roblin et al. (13). The findings were F230/E250 0.60, 
pH 7.0. 

Enzymes—Guanase was prepared from rat brains by the 
method of Kalckar (14). The preparation was free of xanthine 
oxidase. Milk xanthine oxidase was prepared by the method 
of Kalckar and Klenow (15). Adenase was prepared from 
Torulopsis utilis by the method of Roush (10). This preparation 
contained guanase but was free of xanthine oxidase. Cytosine 
deaminase free of the above enzymes was prepared from Sac- 
charomyces cerevisiae by the method of Kream and Chargaff (11). 
Intestinal phosphatase was prepared from calf intestines by the 
method of Schmidt and Thannhauser (16) up to the step before 
reprecipitation with 0.8 saturated ammonium sulfate. This 
preparation was used as a source of adenosine deaminase. Cyti- 
dine deaminase was obtained from E. coli as reported by Wang 
et al. (17). All of the auxiliary enzymes were dialyzed until 
free of phosphate to avoid interference by the possible presence 
of nucleoside phosphorylase. 

Trans-N-Deoxyribosylase and Deoxyribonucleoside Hydrolase 
Assays—To measure trans-N-deoxyribosylase activity 50 ug. of a 
deoxyribonucleoside and 50 wg. of a purine or pyrimidine were 
placed in a spectrophotometer cell and diluted to 3 ml. with a 
suitable buffer. A detecting enzyme which would use one of 
the products of the reaction as a substrate was added in large 
excess and the reaction was started by the addition of 0.1 ml. 
of a suitable enzyme preparation. Absorbancy readings were 
taken in the spectrophotometer at the appropriate wave length 
for 30 minutes. The initial reaction rate (AE/hour) was deter- 
mined from a plot of the data. In every experiment, control 
reactions were carried out with each of the reactants alone. This 
method permits the detection of the formation of a new com- 
pound; a decrease in one of the substrates was detected by com- 
bining a heating step with the use of an auxiliary enzyme. Hy- 
drolase activity was measured in the same manner with the 
exception that the purine or pyrimidine acceptor was omitted 
from the reaction solution. Protein was determined by the 
method of Lowry et al. (8) using crystalline bovine serum albumin 
as the standard. The unit of specific activity is wmoles of product 
formed per hour per mg. of protein. 

Growth of L. helveticus (ATCC Nos. 8018 and 10,386) and 
Preparation of Extracts—The bacteria were grown at 42° in 
Dubois flasks for 2 days on the following medium: 15 gm. of pep- 
tonized milk (Difco), 6 gm. of yeast extract (Difco), 20 gm. of 
glucose, 0.5 gm. of soluble starch, 1 ml. of Tween 80, 200 ml. of 
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TABLE I 
Purification of trans-N-deoxyribosylase and deoxyinosine hydrolase 
Transferase activities were measured with the aid of milk xan- 
thine oxidase and with guanine and deoxyinosine as substrates, 
by the assay described under ‘‘Methods.” Hydrolase activities 
were measured in the same manner with the omission of guanine. 

















Transferase Hydrolase 
Fraction 
Specific Total Specific Total 
activity* units activity* units 
1. Initial extract......... 0.032 145 0.010 45 
2. First (NH,)2SO, frac- 
tionation............ 0.10 102 0.016 16 
3. Second (NH,)2S0, frac- 
tionation............ 0.22 77 0.037 13 
4. Heated fraction........ 0.36 82 0.057 13 

















* umoles of uric acid formed per hour per mg. of protein. 


whey (fresh milk), 10 gm. of calcium carbonate, and 800 ml. of 
water. The cells were collected by centrifugation and washed 
once with pH 6.0, 0.05 Mm citrate. The yield was 12 to 14 gm. of 
packed cells/liter of medium. 70 gm. of bacteria were suspended 
in 150 ml. of pH 7.0, 0.1 m Tris* buffer and disrupted with 3 mm. 
glass beads in an ice-jacketed Waring Blendor cup. The blades 
of the blender were covered with Tygon tubing and a rheostat 
was used to reduce the blade speed to a point where the glass 
beads were not broken. The suspension was centrifuged at 
6000 X g, the residue was reextracted in the same manner as be- 
fore with additional buffer, and the combined supernatant fluids 
were stored in a freezer at —15°. The frozen extracts retained 
their activity for more than 1 year. An attempt to stimulate 
enzyme production by the addition of sperm DNA or deoxy- 
ribonucleosides to the growth medium of the bacteria was un- 
successful. 


RESULTS 


Distribution of Trans-N-Deoxyribosylase—Extracts of various 
microorganism and animal tissues were tested for activity using 
deoxyinosine with adenine and with guanine as substrates. 
These tests were carried out in pH 8.5 Tris at 37°. Activity 
was found only in L. helveticus (ATCC Nos. 8018 and 10,386) 
and E. coli extracts. Negative results were obtained with 
Lactobacillus delbrueckii (ATCC No. 9649), yeast species of 10 
genera, two molds, six bovine organs, rat liver, and the hepato- 
pancreas of the crayfish (19). 

Purification of Trans-N-Deoxyribosylase—The extract from 
75 gm. of L. helveticus was fractionated with ammonium sulfate. 
The fraction precipitating between 0.4 and 0.7 saturation con- 
tained most of the activity. It was dissolved in 50 ml. of dis- 
tilled water, dialyzed for 24 hours against distilled water, and 
subjected to a second ammonium sulfate fractionation. The 
fraction collected between 0.5 and 0.6 saturation with ammonium 
sulfate had the highest specific activity. This precipitate was 
dissolved in distilled water and dialyzed as before; no loss in 
activity was noted upon dialysis. The dialyzed solution was 
heated to 55°, held at 55° for 10 minutes, cooled, and centri- 
fuged. The supernatant fluid contained 57 per cent of the 
activity of the original extract and an 11-fold increase in specific 


3 pH 6.0 phosphate and acetate buffers were also used suc- 
cessfully for the extraction. 
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Fic. 1. Thermal inactivation of trans-N-deoxyribosylase. 0.2 
ml. of purified enzyme was added to 1 ml. of pH 6.3 buffer, 0.02 
M with respect to both Tris and acetate. The enzyme was held 
in a water bath at the indicated temperature for 10 min., cooled, 
and refrigerated until the residual activity was measured. 0.2 
ml. of the heated enzyme was used to determine the residual 
activity with deoxyinosine and guanine as the substrates and with 
xanthine oxidase as the auxiliary enzyme. 
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activity had been effected. The results of this fractionation 
are given in Table I; deoxyinosine hydrolase activities are 
also included. The purified enzyme was stored in the freezer 
and retained its activity for at least a year. Ordinarily 0.1 ml. 
of a 1:10 dilution was used in activity tests. 

Thermal Inactivation—Fig. 1 shows the results of heating the 
enzyme (Fraction 3) for 10 minutes at pH 6.3. The transferase 
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Fic. 2. pH stability. 0.2 ml. portions of purified enzyme were 
added to 1 ml. portions of the appropriate buffers (pH 3 citrate 
and pH 4 to 9 Tris-acetate buffers), the diluted enzyme was held 
at 61° for 30 minutes, cooled, and the residual activity determined 
with 0.2 ml. of the diluted enzyme. The pH of the diluted en- 
zyme was measured with the glass electrode. The residual 
activity was determined with deoxyinosine and guanine as the 
substrates and with xanthine oxidase as the auxiliary enzyme. 
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is stable below 55° under the conditions of the experiment. 
About one-fourth of the activity remains after heating to 90°. 

pH Stability—This is shown in Fig. 2. The pH of maximum 
stability of the enzyme is near 6.5. 

pH Optimum—The pH activity curve of the enzyme is given 
in Fig. 3; the pH of optimum activity is near 5.8. 

Substrate Specificity—Table I] lists transferase activity rates in 
Tris and acetate buffers with deoxyinosine as the deoxyribosy]l 
donor and various purines and pyrimidines as deoxyribosyl 
acceptors. Control reactions with the pyrimidines and purines 
with the exception of adenine gave rates that were near zero; 
the slight reaction observed with adenine is probably due to the 
direct action of xanthine oxidase on the adenine. In acetate 
buffer, higher rates are observed with the purines than with 
pyrimidines. 8-Azaguanine, a xanthine oxidase inhibitor (20), 
but not 8-azaxanthine, acts as a substrate. In Tris buffer, the 
pyrimidines and 8-azaguanine do not serve as substrates. Table 
III lists activity rates in phosphate and Tris buffers; again the 
purine gives a higher rate than the pyrimidine. There is no effect 
of phosphate on the cleavage of deoxyinosine; in general, hydro- 
lase activity rates have been found to be about the same whether 
measured in phosphate, acetate or Tris buffers, indicating the ab- 
sence of nucleoside phosphorylase. Table IV, a summary of sub- 
strate specificity studies with five deoxyribosyl compounds em- 
ploying six detecting enzymes, shows a wide variety of transfers 
in acetate buffer but transfer only to or from purines in Tris 
buffer. In a later experiment carried out in phosphate buffer, 6- 
mercaptopurine was found to be a substrate when used in con- 
junction with deoxyinosine; the rate with both present was 0.154 
AE/hour and with the latter alone the rate was 0.052 AE /hour. 
Attempts to exchange the guanine of thymus DNA with adenine 
using guanase as the detecting enzyme or to exchange the DNA 
adenine with guanine using adenase as the detecting enzyme were 
unsuccessful. 

The Inhibition of Deoxyribosyl Transfer to and from Pyrimi- 
dines in Tris Buffer—This reaction is completely inhibited in 
Tris buffer (Tables II and III). Fig. 4 shows the increasing 
inhibition of the enzyme-catalyzed transfer of the deoxyribosy]l 
group from hypoxanthine to cytosine in phosphate buffer by the 
addition of increasing concentrations of Tris buffer. Tris was 
found to have no effect on the xanthine oxidase reaction with 
hypoxanthine as the substrate and did not inhibit the hydrolase 
reaction using deoxyinosine as the substrate. That the decrease 
in rate in Tris buffer was not caused by denaturation was shown 
by dilution of the concentrated enzyme with Tris buffer, allowing 
the diluted enzyme to stand 1 hour, and using the diluted enzyme 
to catalyze the reaction in phosphate buffer; the rate was the 
same as with enzyme diluted with water or phosphate. Table 
V shows that the inhibition of transfer to and from pyrimidines 
in Tris buffer can be reversed by phosphate. No reversal was 
found with acetate, chloride, or sulfate. 

The Inhibition of Deoxyribosyl Transfer to and from Purines 
in Tris Buffer—A partial inhibition of transfer to and from 
purines in Tris buffer has been noted throughout this work. 
Table VI shows the effect of Tris on the transfer of the deoxyri- 
bosyl radical from hypoxanthine to guanine. Complete inhibi- 
tion of this reaction has not been observed; 0.017 m Tris reduces 
the rate of transfer to purines to about 70 per cent of the rate 
in phosphate alone. Increasing concentrations of Tris do not 
reduce the rate further. 

Stoichiometry of the Trans-N-Deoxyribosylase Reaction—For 
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Fic. 3. pH of optimum activity. 0.1 ml. of the purified en- 
zyme was added to 2 ml. of the appropriate buffer containing 50 
ug. of guanine and 50 ug. of deoxyinosine. 0.02 m Tris-acetate 
buffers, pH 4 to 9 were used. (Similar solutions were prepared 
for pH measurement.) The reaction solution was incubated 10 
minutes at 37°, 2.0 ml. of pH 8.1, 0.3 m Tris buffer were added, the 
tube heated 5 minutes in a boiling water bath, and cooled. 3 ml. 
of the resulting solution were used for the determination of hy- 
poxanthine with xanthine oxidase. The pH of these solutions 
varied from 7.9 to 8.1. 


TABLE II 
Transfer of the deoryribosyl group of deoryinosine 


The appearance of hypoxanthine was measured with the aid of 
milk xanthine oxidase by the assay described under ‘“‘Methods.” 





SEs per hr. 
Substrates amnailinsioat 


pH 6.2 acetate pH 7.0 Tris 





Deoxyinosine + 
.494 0.534 





Adenine......... 1 
Guanine......... 1.383 0.256 
| Steerer ey 0.008 
8-Azaguanine........ 0.173 | 0.004 
8-Azaxanthine...... 0.122 0.007 
SEs 5 oss facie roan an 0.546 0.002 
Thymine. . =f 0.236 0.010 
Geadll........-..... 0.220 0.000 
Deoxyinosine (alone) 0.113 0.010 
Adenine (alone). ... 0.024 0.052 
TaB_e III 


Transfer of the deoryribosyl group of deoxryinosine in 
phosphate and Tris buffers 
The appearance of hypoxanthine was measured with the aid of 
milk xanthine oxidase by the assay described under ‘‘Methods.” 








AEs: per hr. 
Substrates i us a er a 
pH 6.1, 0.1 pH 6.9, 0.1 m 
phosphate Tris 
= - aE — 
Deoxyinosine + guanine.... 2.590 | 1.920 
Deoxyinosine + cytosine. ......| 0.974 0.002 
Deoxyinosine (alone)........ ial 


0.197 0.282 
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TaBLe IV 
Summary of the results of substrate specificity studies 





| Substrates tested 








Substrates giving positive results 





Enzyme used in assay 


pH 6.2 acetate pH 7.0 Tris 











Experiment 
- Deoryribosyl | me 
compounds Purines and pyrimidines 
1 dI* Adenine, guanine, uric acid, azagua- 
nine, azaxanthine, cytosine, thy- 
mine, and uracil 
2 | dG Adenine, hypoxanthine, xanthine, 
azaxanthine, cytosine, thymine, 
and uracil 
3 dA Hypoxanthine, xanthine, azaxan- 
thine, cytosine, thymine, uracil 
4 dC Adenine, guanine, hypoxanthine, | 
| xanthine, azaxanthine, thymine, | 
| uracil 


5 dG, dI, dC, T | Adenine 


6 | dA,dG,dI,T | Cytosine 
| 


Xanthine oxidase | All but azaxanthine | Adenine and guanine 





] 
| 
| 
(uric acid not | 
tested) | 
Guanase All but azaxanthine Adenine, hypoxan- 
| thine, xanthine 
Adenase All but axaxanthine | Hypoxanthine, xan- 
| thine 
Cytosine deam- | All but azaxanthine 
inase | 
| | 
| 
Adenosine deam- | All | dl, dG 
inase 
Cytidine deam- | All 


inase | | 





* The abbreviations used in Table IV and Table VII are: 
deoxyinosine; T, thymidine. 
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MOLAR CONC. OF TRIS IN CELL 
Fic. 4. The inhibition of transfer by Tris in the presence of 


phosphate buffer. Activities were measured with deoxyinosine 
and cytosine as the substrates and with xanthine oxidase as the 
auxiliary enzyme. Phosphate concentration was 0.33 m in each 
reaction. 


TaBLe V 
The effect of phosphate on Tris inhibition of deoryribosyl transfer 
from hypoxanthine to cytosine 
Activities were measured with the aid of milk xanthine oxidase 
and with cytosine and deoxyinosine as substrates at pH 7.0 by 
the assay described under ‘‘Methods.” 


Experiment no. Tris concentration se SEww/hr. 
molar | molar 

1 0.017 | 0.000 0.137 

2 0.017 | 0.033 0.302 

3 0.017 | 0.050 0.344 

4 0.033 0.405 


0.000 


dA, deoxyadenosine; dC, 


deoxycytidine; dG, deoxyguanosine; and dI, 


the reaction deoxycytidine + adenine = cytosine + deoxyade- 
nosine, it was possible to determine each of the reactants and 
products with the use of the enzymes cytidine deaminase, 
adenase, cytosine deaminase, and adenosine deaminase, respec- 
tively. The results of such an experiment are given in Fig. 5 
and it is evident that deoxycytidine and adenine decrease in 
concentration at about the same rate as cytosine and deoxyad- 
enosine appear. Table VII gives daia for this reaction and 
for several other similar reactions. An estimation of equilibrium 
constants is included; in these calculations it was assumed that 
equilibrium is attained and that hydrolase action is negligible. 
DISCUSSION 

The above results confirm and extend the work of MacNut 
(1) who used paper chromatography and microbiological assay 
to detect trans-N-deoxyribosylase activity in bacterial extracts. 
The use of auxiliary enzymes to detect and determine products 
of this reaction has proved advantageous because of the rapidity 
of the spectrophotometric assay and because specific compounds 
can be determined readily. 

The search for a better source of the transferase revealed a 
limited distribution of the enzyme; it was found only in species 
of bacteria where it had been detected previously (1, 3, 4). 
This leads to the conclusion that it has a highly specific role in 
nucleic acid metabolism in those organisms where it occurs and 
is not involved in a general metabolic pathway. Perhaps the 
function is similar to that of nucleoside phosphorylase in other 
species. MacNutt (1) carried out his reactions mainly in pH 
8.5 alanylglycine buffer and, accordingly, our species distribu- 
tion assays were carried out at the same pH in Tris buffer. 
Later, the pH optimum of the enzyme was found to be near 
pH 5.8 and therefore there is a slight possibility that the assays 
might have failed to detect the enzyme in extracts of some 
species because the reactions were run 2.7 pH units above this 
optimum. Inability to detect the transferase in L. delbrueckii 

might have resulted because of this reason, because of strain 
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TaBLe VI 
The effect of Tris on deoryribosyl transfer from 
hypoxanthine to guanine 
Activities were measured with the aid of milk xanthine oxidase 
using guanine and deoxyinosine as substrates at pH 7.0 by the 
assay described under ‘‘Methods.” 











Experiment no. | R..- conc a AEm/hr. 
| molar molar 

1 | 0.017 0.000 1.018 

2 | 0.017 0.017 0.642 

| 0.017 0.033 0.654 

4 | 0.017 0.666 


0.067 








differences, because of a Tris inhibition, or because the medium 
for L. delbrueckii contained natural nutrients in contrast to 
MacNutt’s (1) medium where thymidine was employed. 

The purification procedure resulted in an 11-fold increase in 
the trans-N-deoxyribosylase specific activity (per unit of pro- 
tein) which was accompanied by a similar increase in deoxyino- 
sine hydrolase specific activity. The enzyme preparations also 
catalyze the hydrolysis of pyrimidine and other purine deoxy- 
ribosyl compounds. These results might signify that a transfer 
and a hydrolase activity reside in the same enzyme. The trans- 
ferase specific activity rates are about 6 times those of the hydro- 
lase in all fractions. Hoffman (3) found that the arsenol- 
ysis of thymidine by E. coli preparations was inhibited by the 
presence of uracil because of the transfer reaction. These results 
are consistent with a preferential transfer of the deoxyribosy]l 
group to the nitrogen of a purine or a pyrimidine rather than to 
the oxygen of water. Also, stoichiometry (Table VI) indicates 
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Fig. 5. Stoichiometry of the reaction of deoxycytidine and 
adenine. At zero time, 0.2 ml. of a 1:10 dilution of the purified 
enzyme was added to 40 ml. of a solution containing 1 mg. of 
adenine and 0.95 mg. of deoxycytidine in pH 6.0, 0.1 M acetate 
buffer. At various times 8 ml. samples were removed, placed in 
a boiling water bath for 5 minutes, cooled, and refrigerated until 
analyzed. To determine each of the compounds present, 1 ml. 
of the solution was diluted to 3 ml. with pH 6.0 acetate buffer 
and the total absorbancy change measured at the appropriate 
wave length after addition of an auxiliary enzyme (adenase, 
adenosine deaminase, cytosine deaminase, or cytidine deaminase). 
X—X, adenine; -—-, deoxycytidine; O—O, deoxyadenosine; 
A—A, cytosine. 
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TaBLe VII 


Stoichiometry of trans-N-deoryribosylase reactions 
and estimated equilibrium constants* 





Decrease in 








Reactiont Time senctant Product formed | K 
min. pumole umole 

1. dit + guanine — dG + | 193 | 0.039 0.040 3.2 
hypoxanthine 

2. dG + hypoxanthine = 60 | 0.0093 0.0094 0.35 
dI + guanine 

3. dC + adenine = dA + | 120 | 0.036, 0.034, 5.6 
cytosine 0.035 0.037 

4. dI + azaguanine = aza- | 330 | 0.018 0.018 1.9 
guanine deoxynucleo- 
side + hypoxanthine 

5. T + cytosine = dC + 120 0.022 0.020 0.18 


thymine 





* See the legend of Fig. 5 for the method used in obtaining this 
data. 

T Italicized compounds were determined. 

t See Table IV for abbreviations. 





a complete lack of hydrolase activity when a purine or a pyrimi- 
dine acceptor is present. Ott and Werkman (21) in a study of 
the nucleoside phosphorylase-catalyzed transfer of ribose from 
inosine to adenine note that “hydrolysis of ribose-1-phosphate 
does not occur to any appreciable extent when both adenine and 
inosine are present,” i.e. transfer suppresses hydrolysis. No 
evidence has been found for a nucleoside phosphorylase in L. 
helveticus; however, it is possible that the active center of the 
transferase contains phosphate and that the mechansim of 
transfer is similar to transfer reactions mediated by nucleoside 
phosphorylase (21, 22). 

The complete inhibition of transfer of the deoxyribosy] radical 
to and from pyrimidines by Tris and the partial inhibition of 
transfer from purines to purines is indicative of the presence of 
at least two enzymes in the preparations, one (not inhibited by 
Tris) catalyzing purine-purine transfers and the other (inhibited 
by Tris) catalyzing pyrimidine-pyrimidine, pyrimidine-purine, 
and possibly purine-purine transfers. Hoffmann (3) has pre- 
sented evidence for two transferring enzymes in EF. coli, one 
involving purine and one involving pyrimidine transfers. Fur- 
ther purification of the transferase will be necessary in order to 
decide if more than one enzyme is responsible for the various 
hydrolase and transfer activities. 

The finding that S-azaguanine and 6-mercaptopurine serve 
as substrates for trans-N-deoxyribosylase is of interest in that 
other enzyme-catalyzed reactions have been found for which 
these purine analogues serve as substrates. 

The estimated equilibrium constants do not differ greatly 
from unity, as might be expected for reactions of this nature. 
AF® for the transfer reaction is small. The equilibrium involv- 
ing deoxyinosine and guanine was approached from both diree- 
tions (Table VI, Reactions 1 and 2) and the two equilibrium 
constants (3.2, 1/0.35 = 2.9) do not differ greatly, hence the 
assumptions involved in these calculations appear to be valid. 


SUMMARY 


Trans-N-deoxyribosylase appears to be of limited distribution 
in nature. The specific activity of this enzyme in Lactobacillus 
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helveticus extracts was increased 11-fold by ammonium sulfate 
fractionations and a heating step. It is quite stable to heat, 
with optimum stability near pH 6.5 and optimum activity 
near pH 5.8. 

The transfer of the deoxyribosyl group of both purine and 
pyrimidine deoxyribonucleosides to guanine, adenine, hypoxan- 
thine, 8-azaguanine, 6-mercaptopurine, thymine, uracil, and 
cytosine by this enzyme is demonstrated with the aid of auxiliary 
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pletely inhibits those transfers involving pyrimidines and partly 
inhibits transfers where only purines are involved as substrates. 
Phosphate partly reverses the inhibition of pyrimidine transfer 
reactions. The stoichiometry of these reactions has been 
studied and equilibrium constants estimated. 

Cytosine deaminase, cytidine deaminase, adenase, deoxyade- 
nosine deaminase, guanase, deoxyguanosine deaminase, xanthine 
oxidase, and nucleoside phosphorylase were not detected in 


enzymes. ‘Tris(hydroxymethyl)aminomethane buffer com- Lactobacillus helveticus extracts. 
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Studies on Rat Adipose Tissue in Vitro 


I. EFFECTS OF INSULIN ON THE METABOLISM OF GLUCOSE, PYRUVATE, AND ACETATE* 
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From the Departments of Medicine, Harvard Medical School and the Peter Bent Brigham Hospital, and the 
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(Received for publication, January 22, 1958) 


During the past 15 years increasing attention has been focused 
upon adipose tissue as a major site of intermediary metabolism, 
particularly with regard to the interconversion and storage of 
carbohydrate and fat (1-4). It is now well established that 
adipose tissue is capable of synthesizing glycogen (5-7); of 
oxidizing glucose, pyruvate, and acetate (7-9); and of synthe- 
sizing long chain fatty acids from D,O (10), acetate (3, 7, 8), 
glucose (3, 9, 11), or propionate (12). It has been found also 
that these metabolic activities of adipose tissue are subject to 
hormonal regulation and some emphasis has been given to the 
study of the effects of insulin on this tissue. Severe metabolic 
disturbances have been noted in adipose tissue obtained from 
diabetic animals and have been corrected by the administration 
of insulin to these animals (4, 9, 11). A majority of the effects 
of insulin on adipose tissue which have been described have 
been the result of the administration of the hormone to the 
intact organism (4-6, 13-15). In addition, however, direct, 
effects of insulin on adipose tissue have been established in 
vivo, with regard to glycogen synthesis (15), and later in vitro, 
with regard to glucose uptake (16, 17), oxygen consumption (18), 
and the synthesis of glycogen (19). 

These effects of insulin on adipose tissue in vitro have been 
obtained in mesenteric, perinephric or epididymal fat and, as a 
rule, tearing or slicing as well as chilling have been used during 
the preparation of these tissues for incubation. Recently the 
symmetry, delicacy, and convenient anatomical location of the 
epididymal fat pads of the male rat have been taken advantage 
of in a procedure which minimizes handling of the tissues before 
incubation. Under these conditions insulin effects manyfold 
greater than those previously described have been observed, 
thereby suggesting that a systematic reinvestigation of insulin 
effects in vitro on adipose tissue might be in order. In so doing 
both oxidation of substrate carbon to CO: and incorporation 
of substrate carbon into lipide and long chain fatty acids have 
been measured, and special attention has been paid to the se- 
quence of biochemical effects in time. These observations form 
the basis for this report. 


MATERIALS AND METHODS 


Male albino rats from the Wistar-Hisaw strain (Harvard 
Biological Laboratories), weighing between 200 and 250 gm. 


* Supported in part by grants from the Nutrition Foundation, 
Inc., New York City; the Adler Foundation, Inc., Rye, New York, 
and the Proctor Fund of Harvard Medical School, Boston, Massa- 
chusetts. 

+ Postdoctoral Fellow of the United States Public Health Serv- 
ice. 


and fed with Purina rat pellets (Ralston Purina Company) 
ad libitum, were used throughout these studies. Alloxan- 
diabetic animals were obtained by the rapid intravenous injec- 
tion of 45 mg. per kilos of alloxan monohydrate after a 24 hour 
fast; the animals were not used until at least 2 weeks after the 
administration of alloxan and unless random blood glucose 
values exceeded 350 mg. per cent. Glucose-U-C™ and acetate- 
1-C were obtained from the New England Nuclear Corporation, 
Boston, Massachusetts, and pyruvate-2-C" from Volk Radio- 
chemical Company, Chicago, Illinois. These materials were 
chromatographically pure. Glucagon-free insulin was obtained 
through the courtesy of Dr. W. R. Kirtley of the Lilly Research 
Laboratories, Indianapolis, Indiana. 

The animals were sacrificed by decapitation and the lower 
abdominal cavity was widely exposed after displacing the 
testes into the abdominal cavity by gentle pressure. The thin 
ends of each epididymal fat pad were gently seized with smooth 
forceps, elevated until the main epididymal blood vessels could 
be seen, and removed by a single cut across the base just above 
the level of these vessels. Each pad was immediately weighed to 
the nearest 5 mg. on a torsion balance and transferred to the 
prepared incubation flask. The whole procedure did not take 
longer than 5 minutes for each rat. The basal activity of the 
tissue as well as the magnitude of any insulin effect is markedly 
influenced by unnecessary handling and by chilling which is 
accompanied by an evident change in the physical state of the 
tissue. The weight of each epididymal fat pad removed in this 
manner varied between 200 and 600 mg. in normally fed rats. 

Incubation was carried out at 37° in 125 ml. Erlenmeyer 
flasks, using 5 ml. of substrate-containing Krebs bicarbonate 
buffer in each flask. The flasks were first equilibrated with 
95 per cent oxygen-5 per cent CO, for 5 minutes, then kept 
closed for the remainder of the incubation period. Agitation 
was obtained in a Dubnoff metabolic incubator shaking at 80 
cycles per minute. Substrates were present at concentrations of 
glucose, 20 mmoles per liter; pyruvate, 40 mmoles per liter; and 
acetate, 60 mmoles per liter. When glucose was added in the 
presence of pyruvate or acetate its concentration was 10 mmoles 
per liter. 

Samples were obtained at the beginning and at the end of the 
incubation period. Glucose present in the medium was deter- 
mined according to Nelson (20) and with Somogyi’s procedure 
for protein precipitation (21). Nitrogen determinations were 
carried out by a micro-Kjeldahl procedure, and lactate deter- 
minations according to Barker and Summerson (22). Carbon 
dioxide production from labeled substrates was estimated from 
the total carbon dioxide present at the end of the incubation 
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and from the specific activity of a sample precipitated and 
counted as barium carbonate. The specific activity values of 
the C-labeled substrates were determined as follows: glucose 
isolated and counted as glucosazone; pyruvate isolated and 
counted as its 2,4-dinitrophenylhydrazone; and acetate counted 
as chromatographically pure substance appropriately diluted 
with nonisotopic acetate. 

The estimation of lipide synthesis from labeled substrate 
was carried out according to the following procedure: At the 
end of the incubation period each tissue was immediately hydro- 
lyzed by being placed in hot 30 per cent potassium hydroxide 
for 5 minutes, then extracted twice with petroleum ether. After 
acidification to Congo red the tissue hydrolysate was again 
extracted three times with petroleum ether, and all ether extracts 
were combined, washed with distilled water until neutral, and 
made up to a known volume. Aliquots of the ether extracts 
were then evaporated to dryness in tared flasks, weighed, and 
transferred to weighed planchets for the determination of the 
specific activity of this material. Although lipide thus obtained 
undoubtedly contains lipides other than fatty acids and their 
esters, it is known that saponifiable material accounts for over 
90 per cent of rat adipose tissue fat and that the synthetic 
activity of adipose tissue with regard to nonsaponifiable lipides 
is small (8). When fatty acids were isolated they were obtained 
by saponification of the ether-soluble lipides in 0.5 N potassium 
hydroxide in 95 per cent ethanol at 100° for 1 hour. The 
saponified digest was then extracted twice with ethyl ether; 
these extracts were discarded, and the digest was acidified to 
pH 1 and reextracted three times with ethyl ether. These 
ether extracts were combined, washed twice with slightly 
acidified distilled water, and evaporated to dryness in a boiling 
water bath. The residue was dissolved in ethanol, evaporated, 
redissolved in acetone-ether, and transferred to tared flasks, 
then evaporated and dried over calcium chloride. The final 
residue was weighed and a portion was transferred to planchets, 
weighed, and counted. It has previously been found (23) that 
the average molecular weight of the fatty acids thus obtained 


TABLE I 


Effects of insulin added in vitro on metabolism of 
glucose-U-C™ by rat adipose tissue* 














Insulin Effects on Adipose Tissue. I 








Oxidation of glucose carbon Incorporation of glucose carbon 

to CO2 into lipide 

Animal No. 

Control | + Insulin | my Control | + Insulin | - oy 

| 
il 6.0 | 10.1 | +4.1| 4.5 | 13.4 | 48.9 
12 5.4 | 12.5 | +7.1| 4.9 | 120 | 47.1 
13 5.2 8.9 | +3.7| 4.7 8.0 | +3.3 
14 2.4 7.8 | +5.4| 3.2 5.4 +2.2 
33 5.7 32.3 | +26.6| 4.1 36.6 | +32.5 
34 4.7 14.6 | +10.1| 2.6 9.9 | +7.3 
35 3.6 20.0 | +16.4| 2.8 19.7 | +16.9 
Mean......| 4.7 | 15.2 | +10.5| 3.8 15.0 | +11.2 
“SUR 0.5 3.5 3.4| 0.4 4.3 4.3 

















* All values expressed as micromoles of glucose carbon per mg. 
of tissue nitrogen. Incubation carried out for 3 hours in Krebs- 
Henseleit bicarbonate buffer containing 20 mmoles per liter of 
glucose-U-C™. Insulin concentration, when present, 0.1 unit 
per ml. 
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corresponds to an average of 12 carbons per molecule. As 
illustrated extensively for 24 tissues in the following report (24), 
the difference between the specific activity of ether-soluble 
lipide and that of long chain fatty acids was usually small and 
never altered the direction of changes in either a pair of tissues 
or in groups of tissues. 

Isotopic analyses were carried out in the Biophysical Labora- 
tory of Harvard Medical School with a windowless flow counter 
(25). Self-absorption corrections were applied according to 
Karnovsky et al. (26). 

All results have been expressed in terms of micromoles of 
substrate carbon oxidized to CO: or incorporated into lipide or 
fatty acids, and have been related to tissue nitrogen. The 
average nitrogen contained in adipose tissue of fed rats is of the 
order of magnitude of 1.5 to 4 mg. per gm. wet weight. In all 
tables means and standard errors have been calculated both for 
the control and the insulin-exposed tissues of each pair and for 
the differences between the control and the insulin-exposed 
tissues. Since all experiments were paired experiments the 
statistical analysis of the differences indicates the statistical 
significance of the insulin effect. However, these data are also 
sometimes used for comparison between different groups of 
animals (as in the case of tissues from diabetic and normal rats) 
when statistical analysis of each group becomes necessary. 

RESULTS 

Insulin Effects on Metabolism of Glucose by Adipose Tissue 
from Normal, Fed Rats—The effects of insulin added in vitro on 
the oxidation of glucose carbon to CO: and on the incorporation 
of glucose carbon into ether-soluble lipide are demonstrated 
in Table I and Figure 1. The results shown in the table were 
all obtained with an incubation period of 3 hours. In all in- 
stances, insulin markedly increased both glucose oxidation to CO» 
(by 68 to 470 per cent) and incorporation of glucose carbon into 
lipide (by 69 to 800 per cent). The variability of base-line 
metabolic activity of adipose tissue was relatively small, whereas 
the variability of the magnitude of the insulin effect was great. 
It may also be noted that there appeared to be a rough correla- 
tion between the amount of glucose carbon oxidized to COs and 
the amount of glucose carbon isolated in lipide. 

The data presented in Figure 1 include a further group of 17 
experiments. Insulin effects were measured after incubation 
periods varying from 15 minutes to 6 hours. It is apparent 
that insulin added in vitro measurably increased both glucose 
oxidation to CO, and incorporation of glucose carbon into lipide 
within as short a period as 15 minutes and over as long a period 
as 6 hours. It should also be noted, however, that in both the 
control and the insulin-stimulated tissues the rate of glucose 
carbon oxidation to CO. and conversion to lipide tended to 
decrease between 3 and 6 hours. Again, a rough correlation 
between the amount of glucose carbon oxidized to CO2 and the 
amount of glucose carbon isolated in lipide was observed. 

In a separate series of experiments the effects of insulin on 
glucose disappearance from the medium and on the production 
of lactic acid were also measured. As recorded in Table II 
both glucose disappearance and lactic acid production were 
increased by the addition of the hormone in vitro. In order to 
obtain changes in medium glucose levels sufficiently great to 
permit adequate measurements, the total volume of the incuba- 
tion medium was kept at 2 ml. (instead of 5 ml.) in these experi- 
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Fic. 1. Effects of insulin added in vitro on oxidation of glucose 
U-C"* to CO, and on incorporation of glucose carbon into lipide 
by rat adipose tissue, after incubation periods varying from 15 
minutes to 6 hours. Excepting the duration of incubation, con- 
ditions were identical with those described in Table I. (Number 
of animals in each group: 15 minutes, 2; 30 minutes, 6; 90 min- 
utes, 3; 180 minutes, 7; 360 minutes, 6.) 


ments. An estimate of the relative amounts of glucose which 
disappeared from the medium, and which could be accounted 
for by the recovery of carbon-14 in CO: and lipide as well as by 
the total formation of lactic acid, has been made in Table III. 
It should be clearly understood that, since data from different 
experiments had to be pooled (Tables I and II) these calculations 
are but an estimate, and that they indicate but the order of 
magnitude of the over-all recovery of metabolized glucose, 7.e. 
about 65 per cent. 

Insulin Effects on Adipose Tissue from Alloxan-Diabetic Rats— 
The weight loss concurrent with the presence of uncontrolled 
alloxan diabetes for 2 weeks or more is accompanied by marked 
reduction in the size of the epididymal fat pads, as might be 
expected. Even after extreme weight loss, however, the almost 
fat-free remnants of the epididymal pads can be easily identified 
by their anatomical location and in particular by their relation- 
ship to the epididymal blood vessels. When this tissue is re- 
moved (see ‘“Methods”’) it is found to weigh only one-twentieth 
to one-fiftieth as much as in the normal, fed rat, but to contain 
very nearly the same amount of nitrogen. Incubation of these 
tissues revealed (Table IV) the presence of a marked depression 
of metabolic activity with regard to glucose oxidation and, to 
an even greater extent, to lipogenesis from glucose. The 
addition of insulin in vitro resulted in a marked stimulation of 
glucose oxidation to CO» and the activity thus produced within 


A. I. Winegrad and A. E. Renold 


269 


the incubation period of 3 hours was approximately equivalent 
to normal base line activity (compare with Table I). An 
effect in vitro of insulin on lipogenesis from glucose in these 
tissues was also observed, although its magnitude was consider- 
ably less; even in the presence of insulin lipogenesis from glucose 
was less than one-fifth as great as in normal nonstimulated 
adipose tissue (compare with Table I). 


TABLE II 


Effects of insulin added in vitro on qlucose uptake and lactate 
release by rat adipose tissue* 








a | Control + Insulin Insulin 
ments effect 


| | 
| 


——|— 





(disappear- 

ance from the | | 

medium). .... | 6 «(2.56 + 0.78f|8.60 + 1.67|+6.04 + 1.50 
Lactate release 6 0.79 + 0.18 /1.36 + 0.37|+0.57 + 0.22 


| 
Glucose uptake | 
| 





* All values expressed as micromoles of glucose or lactate per 
mg. of tissue nitrogen. Incubation carried out for 3 hours in 
Krebs-Henseleit bicarbonate buffer containing 20 mmoles per 


liter of glucose. Insulin concentration, when present, 0.1 unit 
per ml. 


+ Mean + standard error of the mean. 


TasB_e III 


Recovery of glucose carbon utilized by rat adipose tissue 
(calculated from data in Tables I and II) 





Glucose carbon recovered as: 





| Control + Insulin 
ae it scat | 1 30 
Lipide. . a ee 25 29 
Lactate..... oh a. | 15 Ss 
Total accounted for.................. | 71 67 
Unaccounted for.. 29 33 





TaBLe IV 


Effects of insulin added in vitro on metabolism of glucose-U-C™ by 
adipose tissue from allozan-diabetic rats* 





Oxidation of glucose carbon Incorporation of glucose 


to CO: carbon into lipide 
>)”, ae a a a 
Contro | + Insulin agai Control | + Insulin ay 
56 0.73 3.67 +2.94 | 0.15 0.62 +0.47 
58 0.42 5.50 +5.08 | 0.10 0.98 +0.88 
71 0.73 2.20 | +1.47 0.49 1.14 | +0.65 
72 0.36 2.50 +2.14 0.02 0.49 | +0.47 
73 0.52 1.46 | +0.94 0.30 0.49 +0.19 
181 0.72 5.79 +5.07 | 0.00 0.20 +0.20 
Mean. 0.58 3.52 | +2.94 | 0.18 0.65 | +0.48 
_ Ae 0.08 0.8 0.8 0.08 0.15 


| | | 


0.12 

* All values expressed as micromoles of glucose carbon per mg. 
of tissue nitrogen. Incubation carried out for 3 hours in Krebs- 
Henseleit bicarbonate buffer containing 20 mmoles per liter of 
glucose-U-C'™. Insulin concentration, when present, 0.1 unit 
per ml. 
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TABLE V 
Effects of insulin added in vitro on metabolism of acetate-1-C'4 by 
rat adipose tissue, with and without addition of unlabeled 
glucose (10 mmoles per liter)* 

















| Oxidation of acetate carbon Incorporation of acetate 
} to CO2 carbon into lipide 
No. of animals | 
|Control Sasttin —— Control | + Insulin | ony 
& 
No glucose added | 
BAG Sali sat testes 4.4 4.7 +0.3 | 0.96 1.1 +0.2 
| RAEEee 0.3 0.5 0.1 | 0.2 0.2 | 0.1 
Glucose added 
Raat cis: Aidt 4.9|25| -2.4/2.9 | 9.6 | +6.7 
Se ee 0.3 | 0.2 0.3 | 0.4 1.1 0.8 
| 

















* All values expressed as micromoles of carbon-1 of acetate- 
1-C'* per mg. of tissue nitrogen. Incubation carried out for 3 
hours in Krebs-Henseleit bicarbonate buffer, acetic acid being 
added as its sodium salt in substitution of the same concentration 
of sodium chloride. Insulin concentration, when present, 0.1 
unit per ml. 


TaBLe VI 
Effects of glucose and pyruvate on metabolism of 
acetate-1-C'4 by rat adipose tissue* 
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by paired epididymal fat pads from normal, fed rats (Table V). 
When unlabeled glucose (10 mmoles per liter) or pyruvate 
(20 mmoles per liter) was added to one of each pair of epididymal 
fat pads, clear-cut stimulation of lipogenesis from acetate resulted 
(Table VI), whereas the oxidation of carbon-1 of acetate remained 
uninfluenced by the addition of glucose and was somewhat 
depressed by the addition of pyruvate. When both epididymal 
pads of each pair were incubated with acetate-1-C™ and also 
with unlabeled glucose, the addition of insulin to one of each 
pair of tissues now resulted in a marked stimulation of lipo- 
genesis from acetate and in a moderate depression of acetate 
oxidation to CO: (Table V). 

Effects of Insulin and Glucose on Metabolism of Pyruvate-2-C™ 
by Adipose Tissue from Normal, Fed Rats—Insulin added in 
vitro did not stimulate the oxidation of the second carbon of 
pyruvate to CO: or its incorporation into fatty acids (Table VII). 
Indeed, a small depression of lipogenesis from pyruvate-2-C™ 
was observed. However, when unlabeled glucose was present 
in both flasks, the addition of insulin to one of each pair resulted 
in a well marked stimulation of lipogenesis from pyruvate along 


TaBLe VII 
Effects of insulin added in vitro on metabolism of pyruvate-2-C™ by 
rat adipose tissue, with and without addition of unlabeled 
glucose (10 mmoles per liter)* 





Oxidation of pyruvate carbon 


| Incorporation of pyruvate carbon 
to CO2 i 


into fatty acids 





























een Oxidation of acetate carbon to COz ee _ carbon 
nima 
No. | l | | 
Control |" ppruvate "| Difference | Control i, oe Difference 
Effects of glucose (10 mmoles per liter) 
so | 35 | 40 | +05] 08 1.60 | +1. 
90 46 | 43 | -03] 1.9 4.1 +2.2 
91 4.9 | 5.4 +0.5 2.1 4.7 +2.5 
137 2.6 3.3 +0.7 0.1 0.3 +0.2 
138 “7 + ##€: —0.6 0.2 0.9 +0.7 
139 3.4 | 3.8 | +0.4 0.2 1.2 +1.0 
| | 
Mean..| 3.9 | 4.1 | 40.2] 0.8 2.1 | 41.3 
S.E.....) 0.4 | 0.3 0.2 | 0.4 0.8 0.4 
Effects of pyruvate (20 mmoles per liter) 
92 4.3 3.0 —1.3 0.6 3.3 +2.7 
93 3.9 3.0 —0.9 0.8 5.5 +4.7 
94 3.4 | 2.2 —1.2 0.3 2.9 +2.6 
140 2.6 2.4 —0.4 0.2 2.3 +2.1 
141 2.9 2.9 0.0 0.1 2.4 +2.3 
142 2.4 1.8 —0.6 0.0 1.1 +1.1 
Mean ..| 3.2 2.6 —0.7 0.3 2.9 | +2.6 
S.E.....| 0.3 0.2 0.2 | 0.1 0.6 | 0.5 









































* All values expressed as micromoles of carbon-1 of acetate- 
1-C™ per mg. of tissue nitrogen. Incubation carried out for 3 
hours in Krebs-Henseleit bicarbonate buffer, acetic acid being 
added as its sodium salt in substitution of the same concentration 
of sodium chloride. 


Effects of Insulin, Glucose, and Pyruvate on the Metabolism of 
Acetate-1-C™ by Adipose Tissue from Normal, Fed Rats—-Insulin 
added in vitro had no consistent effect on the oxidation of the 
first carbon of acetate to CO, or on its incorporation into lipide 





| 
Animal | 
No. | | l ; coe 
| Control | + Insulin | —_ | Control | + Insulin — 
| 
No glucose added 
Bl 3.8 4.7 +0.9 4.9 | 5.3 +0.4 
B2 4.9 4.5 —0.4 6.8 | 5.2 -1.6 
B3 4.2 4.1 —0.1 | 5.1 | 3.0 2.1 
B4 | 2.5 2.9 | +04 | 18 | 15 | -0.3 
B5 5.3 6.0 +0.7 | 7.9 | 24 | -5.5 
B6 6.6 5.3 -13 | 55 | 4.2 | -1.3 
B7 | 2.3 1.9 | -04 | 1.9 | 1.7 | -0.2 
B8 1.9 2.0 | +0.1 | 1.3 | 10 |] -0.3 
B9 2.0 1.6 —0.4 2.1 | 10 {| —1.1 
| 
Mean 3.7 3:7 —0.1 | 4.1 2.8 | -1.3 
S.E 06 | 06 | o2 | 09 | 0.6 | 0.7 
| | | | 
Glucose added 
B10 | 2.4 3.6 41.2 | 23 | 4.3 | 42.0 
Bll | 4.3 3.2 akt | 8.4 | 15.8 | +7.4 
B12 | 3.4 2.5 -0.9 | 6.1 | 9.8 | +3.7 
B13 2.5 1.5 -1.0 | 2.5 8.2 | +5.7 
B14 2.7 £3 —0.4 | 4.5 8.3 +3.9 
B15 | 2.4 1.7 —0.7 | 2.5 3.4 +0.9 
Mean ..| 2.95 2.5 —0.5 4.4 8.3 | +3.9 
S.E.....| 0.3 0.4 0.4 | 1.1 se; 438 














* All values expressed as micromoles of carbon 2 of pyruvate- 
2-C™ per mg. of tissue nitrogen. Incubation carried out for 3 
hours in Krebs-Henseleit bicarbonate buffer, pyruvic acid being 
added as its sodium salt in substitution of the same concentration 
of sodium chloride. Insulin concentration, when present, 0.1 
unit per ml. 
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with the expected moderate depression of the oxidation of 
exogenous pyruvate (Table VII). 


DISCUSSION 


As previously noted in other laboratories (16-19), effects of 
insulin added in vitro on the metabolism of glucose by adipose 
tissue are readily demonstrated. The intensity of the insulin 
effect, however, was considerably greater in these experiments, 
and this difference is attributed by the authors to the minimal 
handling of the tissues prior to incubation. We have observed 
repeatedly that excessive handling and chilling result in decreased, 
sometimes in barely significant insulin action. In addition to 
the effects of insulin in vitro previously described it appears from 
the data in this report that the hormone greatly stimulates 
lipogenesis from glucose in isolated adipose tissue and, further- 
more, that the effects of insulin on both glucose oxidation and 
lipogenesis from glucose are apparent within 15 minutes of the 
addition of insulin to the incubation medium, and are main- 
tained for periods as long as 6 hours. These observations agree 
with those made in vivo, in intact mice, by Favarger and Bodur 
(13). 

Finally, it should be emphasized that a clear-cut insulin effect 
on adipose tissue from alloxan-diabetic animals has also been 
shown, both with regard to glucose oxidation and with regard 
to lipogenesis from glucose. This last observation is in striking 
contrast to the inability to demonstrate effects of insulin in 
vitro on surviving preparations of liver tissue from diabetic 
animals, as recently reviewed (27). 

Insulin stimulates the production of lactic acid from glucose by 
adipose tissue, in contrast to its failure to stimulate lactic acid 
production by the rat hemidiaphragm (28). It should be noted, 
however, that Shaw and Stadie (28) used a phosphate buffer 
as suspending medium, whereas a bicarbonate buffer has been 
used in the present studies. When a Krebs-Ringer phosphate 
buffer was substituted, the effect of insulin upon the production 
of lactic acid by rat adipose tissue could no longer be obtained. 

In the absence of glucose no significant effects of insulin added 
in vitro on the oxidation of, or the lipogenesis from, acetate-1-C™ 
or pyruvate-2-C™ occurred. In the presence of glucose, however, 
insulin present in vitro markedly stimulated lipogenesis from 
acetate or pyruvate, while slightly depressing acetate or pyruvate 
oxidation to COs. These insulin effects were qualitatively similar 
to the effects of added glucose or pyruvate in the presence of 
acetate-1-C“. It would thus appear that increased availability 
of glucose to adipose tissue cells regularly leads to an increased 
rate of lipogenesis in this tissue, and indeed may be required 
for increased lipogenesis to occur. 

All of these observations can be explained on the basis of a 
single primary action of insulin added in vitro, i.e. a primary 
stimulation of the transformation of extracellular glucose into 
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intracellular glucose-6-phosphate. Nothing in the data obtained 
points to a further primary site of insulin action, although the 
data do not exclude one or several further primary action sites. 
Furthermore, the data do not permit the differentiation between 
an insulin effect on glucose translocation and one on phosphoryla- 
tion (29, 30), although the observed sensitivity of the insulin 
effect to prior handling of the tissues may be interpreted as 
suggesting a relation to surface integrity. The easily apparent 
relationship between lipogenetic activity of adipose tissue and 
glucose metabolism is in accord with present hypotheses con- 
cerning the dependence of fatty acid synthesis on concurrent 
glucose metabolism (31, 32) and is further discussed in the sub- 
sequent report. Indeed, this relationship between lipogenetic 
activity and glucose metabolism is even more striking in this 
tissue than it is in liver, where it was originally observed. 

Although direct effects of insulin on hepatic lipogenesis have 
been reported (33-35), the marked and easily reproducible ef- 
fects of the hormone on adipose tissue should be compared 
with its small and sometimes questionable effects on hepatic 
tissue. It is the opinion of the authors that adipose tissue is 
the quantitatively major anatomical site of action of insulin 
on lipogenesis from glucose, which in turn is a major metabolic 
fate of this important substrate. 


SUMMARY 


The effects of insulin in vitro on rat adipose tissue have been 
reinvestigated using paired epididymal fat pads and minimal 
handling of the tissues before incubation. 

Insulin markedly enhanced glucose uptake, oxidation of 
glucose carbon to COs, and incorporation of glucose carbon into 
ether-soluble lipide. These effects were apparent within 15 
minutes of incubation and were maintained for as long as 6 
hours. 

Tissues from alloxan-diabetic animals metabolized much less 
glucose to CO, or lipide than did tissues from normal animals, 
but an insulin effect on both these parameters was present after 
3 hours of incubation. 

Insulin added in vitro did not significantly stimulate the metab- 
olism of acetate-1-C™ or pyruvate-2-C™ to CO: or lipide, when 
these substrates were present alone. In the presence of glucose, 
however, insulin stimulated lipogenesis from acetate or pyruvate. 

The magnitude and reproducibility of insulin effects on 
lipogenesis from glucose by adipose tissue suggest that adipose 
tissue is a major anatomical site of insulin action. 
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Studies on Rat Adipose Tissue in Vitro 


II. EFFECTS OF INSULIN ON THE METABOLISM OF SPECIFICALLY LABELED GLUCOSE* 
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In the preceding report from this laboratory (1) insulin added 
in vitro has been shown to produce a striking and consistent stim- 
ulation of glucose uptake, glucose oxidation, and glucose conver- 
sion to lipide by the epididymal fat pad of the male rat. Fur- 
thermore, although insulin added in vitro did not stimulate 
lipogenesis from pyruvate or acetate when glucose was absent 
from the medium, the hormone consistently stimulated lipogen- 
esis from these substrates when glucose was also present. These 
observations suggested that the stimulation of lipogenesis pro- 
duced by insulin in isolated adipose tissue is dependent upon the 
occurence of increased glucose metabolism as a result of insulin 
action. 

Milstein (2) has studied the oxidation of glucose-1-C"™ and glu- 
cose-6-C" by this same tissue in vitro. From the relative 
amounts of CO: produced from these differentially labeled glu- 
cose molecules he concluded that both a glycolytic (Emden- 
Meyerhof) and a nonglycolytic pathway for glucose utilization 
operate in rat adipose tissue. From observations on tissues re- 
moved from alloxan-diabetic and insulin-treated, alloxan-diabetic 
rats, Milstein also concluded that in the diabetic state the oxida- 
tion of glucose by the nonglycolytic pathway is selectively de- 
pressed, and that insulin treatment restores and enhances both 
the total oxidative capacity of the tissue and the relative impor- 
tance of the nonglycolytic pathway. 

The observation of Langdon (3, 4) that the reduction of cro- 
tonyl coenzyme A is dependent on triphosphopyridine nucleotide 
has stimulated interest in the phosphogluconate oxidative path- 
way as a possible source of reduced triphosphopyridine nucleo- 
tide for the synthesis of fatty acids. In liver slices, Felts et al. 
(5) observed that the increased lipogenesis from glucose, which 
resulted from insulin injection, occurred via the phosphogluconate 
oxidative pathway as well as via glycolysis and indeed that the 
phosphogluconate oxidative pathway appeared to be stimulated 
more markedly than the Emden-Meyerhof pathway. In rat 
mammary gland slices, Abraham et al. (6) observed that insulin 
added in vitro stimulated C“O. production from glucose-1-C", 
whereas the yield of CO. from glucose-6-C™ was decreased in 
most cases. However, in this tissue, the proportions of fatty 
acids synthesized from acetyl coenzyme A derived from glucose 
via the Emden-Meyerhof and via alternate pathways were not 
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significantly changed by the addition of insulin to the incubation 
medium. Abraham et al. concluded that in the mammary gland 
insulin does not specifically alter the relative importance of glyco- 
lytic and nonglycolytic pathways of glucose metabolism. 

The present communication deals with the effects of insulin in 
vitro upon the metabolism of glucose-1-C™ and glucose-6-C™ by 
adipose tissue of normal, fed rats, with respect both to glucose 
oxidation and to lipogenesis from glucose. An attempt will be 
made to interpret these results in terms of presence or absence of 
the selective stimulation by insulin of nonglycolytic pathways of 
glucose metabolism which has been proposed by Milstein (2). 


MATERIAL AND METHODS 


Glucose-1-C" and glucose-6-C™ were obtained from the Nuclear 
Chicago Corporation, Chicago, Illinois, and were chromato- 
graphically pure. Glucagon-free insulin was obtained through 
the courtesy of Dr. W. R. Kirtley, of the Lilly Research Labora- 
tories, Indianapolis, Indiana. Animals, materials and methods 
were otherwise identical with those reported in the preceding 
publication (1). In each experiment the two epididymal fat pads 
of a single animal were used. All results have again been ex- 
pressed in terms of micromoles of substrate carbon oxidized to 
CO: or incorporated into lipides and fatty acids, and have been 
related to tissue nitrogen. 


RESULTS 


The comparative metabolism of carbon atom-1 and carbon 
atom-6 of glucose by rat adipose tissue, both in the absence and 
in the presence of added insulin, is shown in Table I. In the 
absence of added insulin more carbon-1 than carbon-6 was oxi- 
dized to CO: in each experiment and, with equal consistency, less 
carbon-1 than carbon-6 was incorporated into ether-extractable 
lipide or long chain fatty acids. In the presence of insulin, oxi- 
dation of both carbon atoms as well as lipogenesis from both 
carbon atoms was increased. In addition, however, the discrep- 
ancy between the oxidation of carbon-1 and the oxidation of 
carbon-6 was markedly exaggerated, whereas the ratio of lipo- 
genesis from carbon-1 to lipogenesis from carbon-6 was not al- 
tered by the addition of insulin. 

Since the experiments with and without added insulin reported 
in Table I had to be carried out in different animals, additional 
control experiments were carried out in paired tissue specimens 
taken from the same animal, glucose labeled in the same carbon 
being present in both flasks, and insulin being added to one flask 
of each pair, as shown in Table II. Although the control values 
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TABLE I 


Effects of insulin added in vitro on the metabolism of glucose-1-C™% 
and glucose-6-C" by rat adipose tissue* 
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TaBLeE II 


Effects of insulin added in vitro on the metabolism of glucose-1-C™ 
and glucose-6-C'* by rat adipose tissue* 

































































Oxidation to COs ——— into ee, Retinal Mo. Oxidation ~< carbon menus = carbon 
Animal No. 
Carbon-1 | Carbon-6 | Carbon-1 | Carbon-6 | Carbon-1 | Carbon-6 Control + Insulin Control + Insulin 
No insulin added Glucose-1-C" in all flasks 
116 1.01 0.19 0.33 0.55 0.24 0.37 101 0.57 4.06 0.19 25 
117 0.72 0.24 0.25 0.69 0.24 0.66 102 0.50 3.72 0.20 1.41 
118 0.97 0.27 0.30 0.70 0.25 0.62 103 0.36 4.87 0.20 2.96 
122 1.16 0.28 0.24 0.55 0.15 0.41 128 0.71 3.92 0.26 1.49 
123 0.71 0.20 0.18 0.41 0.14 0.25 129 0.68 4.69 0.24 2.32 
124 0.94 0.24 0.23 0.38 0.10 0.23 130 0.72 4.01 0.39 1.78 
Mean...| 0.92 0.24 0.26 0.55 0.19 0.38 Mean... 0.59 4.21 0.25 2.04 
Insulin added to all flasks Glucose-6-C™ in all flasks 
119 5.22 0.27 2.40 6.46 2.64 6.38 113 0.17 0.27 0.47 3.82 
120 7.74 0.28 4.23 6.20 2.91 6.34 114 0.13 0.25 0.38 5.31 
121 4.71 0.34 1.20 2.70 1.12 2.91 115 0.20 0.24 0.41 2.97 
125 7.47 0.37 4.29 9.70 5.00 9.59 131 0.14 0.26 0.31 3.55 
126 6.12 0.36 2.32 4.00 2.39 4.19 133 0.25 0.33 0.69 5.57 
127 6.91 0.37 4.40 9.09 4.82 8.48 
Mean... 0.18 0.27 0.45 4.24 
Mean. ..| 6.36 0.33 3.14 6.39 3.06 6.31 























* All values expressed as micromoles of glucose carbon-1 or 
carbon-6 per mg. of tissue nitrogen. Incubation carried out for 
3 hours in Krebs bicarbonate buffer containing 20 mmoles per 
liter of glucose. Lipide refers to ether-soluble lipides. Insulin 
concentration, when present, 0.1 unit per ml. 

Tissues paired so as to compare the metabolism of carbon-1 
and carbon-6 in tissue from the same animal. 


for the oxidation of carbon 1 to CO, differed appreciably from 
those observed in the preceding series (Table I), the striking in- 
crease which occurred in the oxidation of this carbon atom to 
CO, in the presence of insulin, is easily seen. Lipogenesis from 
carbon-1 was also increased by the addition of insulin, but the 
total quantity of carbon-1 incorporated into ether-soluble lipides 
was only half as great as the amount of carbon-1 oxidized to COs. 
Insulin also increased the oxidation of carbon-6 to CO, but 
this effect was small when compared with the effect of the 
hormone on the oxidation of carbon-1. Lipogenesis from carbon- 
6, on the other hand, was markedly stimulated by the addition 
of insulin, although the relative increase was roughly comparable 
to the relative increase in lipogenesis from carbon-1, thus ac- 
counting for the rather constant proportions of carbon-1 and 
carbon-6 incorporated into fatty acids or ether-soluble lipides 
both with and without added insulin. 


DISCUSSION 


If the Emden-Meyerhof glycolytic pathway alone were opera- 
tive in adipose tissue in the production of acetyl coenzyme A 
from glucose, one would anticipate the metabolism of equal 
amounts of carbon-1 and carbon-6 to COs, and similarly the in- 
corporation of equal amounts of carbon-1 and carbon-6 into fatty 
acids. The consistent excess of carbon-1 in CO: and of carbon-6 
in fatty acids indicates the existence in adipose tissue of one or 

















* All values expressed as micromoles of glucose carbon-1 or 
carbon-6 per mg. of tissue nitrogen. Incubation carried out for 
3 hours in Krebs bicarbonate buffer containing 20 mmoles per 
liter of glucose. Lipide refers to ether-soluble lipides. Insulin 
concentration, when present, 0.1 unit per ml. 

Tissues paired so as to observe the effects of insulin in tissue 
from the same animal. 


more alternate pathways for the metabolism of glucose. These 
observations support the conclusion of Milstein (2) which was 
based upon CO, measurements alone. The pathways of glucose 
metabolism in this tissue have not been systematically investi- 
gated as yet, and although the consistent excess of carbon-1 in 
CO, suggests the presence of the phosphogluconate-oxidative 
pathway, the presence of other nonglycolytic pathways cannot 
be excluded. 

Several calculations have been used to estimate the relative 
amounts of glucose-6-phosphate which are metabolized by the 
Emden-Meyerhof and by the phosphogluconate-oxidative path- 
ways (5-10). In the present study the authors have proceeded 
as follows: (a) The total quantity of carbon-6 of glucose which 
was converted to fatty acids by one of each pair of epididymal 
fat pads was determined experimentally. This carbon atom can 
reach fatty acids by either one of the two pathways under 
scrutiny. (6) The quantity of carbon-1 of glucose converted to 
fatty acid was determined in the other tissue of each pair. This 
carbon atom can be isolated in fatty acid only if the glucose 
molecule from which it is derived has traversed the Emden- 
Meyerhof pathway, since it would have been lost as CO, in the 
phosphogluconate-oxidative pathway. The assumption is made 
that the fixation of CO: into fatty acids by this tissue is insignif- 
icant under the conditions of the experiments. (c) The differ- 
ence between the amount of carbon-6 of glucose converted to 
fatty acids and the amount of carbon-1 of glucose converted to 
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fatty acids provides an estimate of the amount of carbon-6 of 
glucose which has traversed an alternate pathway involving the 
loss of carbon-1. A further assumption made in this estimation 
is that of relatively minor “recycling” of the compounds studied. 

Table III lists the results of such calculations for each of the 
experiments cited in Table I. It is apparent that the stimulation 
of lipogenesis from carbon-6 of glucose which results from the ad- 
dition in vitro of insulin to adipose tissue from normal, fed rats 
does not alter appreciably the relative amounts of this glucose 
carbon which have traversed the Emden-Meyerhof or an alter- 
nate pathway. The mean value for the percentage of carbon-6 
of glucose converted to fatty acids via an alternate pathway is 
55 in the absence of insulin, and 52 in the presence of insulin in 
vitro. 

Thus, these data on the incorporation of differentially labeled 
glucose into fatty acids do not support the concept of a selective 
stimulation of an alternate pathway for the metabolism of glu- 
cose-6-phosphate when insulin is added in vitro to adipose tissue 
from normal, fed rats. However, the striking stimulation of CO, 
production from carbon-1 in the presence of insulin, when con- 
trasted with the minimal stimulation of CO. production from 
carbon-6, does suggest an increased metabolism of glucose via an 
alternate pathway. This discrepancy may be explained in part 
by the lesser dilution of carbon-1 of glucose when it is metabolized 
by way of the phosphogluconate-oxidative pathway rather than 
by way of the Emden-Meyerhof and tricarboxylic acid pathways. 
It is also possible that some carbon-6 from glucose may traverse 
alternate pathways of fatty acid synthesis, the existence of which 
has been suggested by Feller and Feist (11) on the basis of their 
observations concerning lipogenesis from propionate by adipose 
tissue. This discrepancy could perhaps also be explained if it 
were assumed that adipose tissue, in common with tissues such 
as erythrocytes or corneal epithelium, contains little or at least 
limited tricarboxylic acid cycle activity. Under these conditions 
almost all of the CO. produced by adipose tissue during increased 
glucose metabolism would originate from glucose carbons-1 (phos- 
phogluconate-oxidative pathway) or -3 and -4 (decarboxylation of 
pyruvate). 

These observations on the metabolism of differentially labeled 
glucose by epididymal adipose tissue are in agreement with the 
results of Abraham and his colleagues (6) in slices of lactating 
rat mammary glands to which insulin was added in vitro. It 
should be emphasized, however, that, irrespective of the occur- 
rence of a selective stimulation of the phosphogluconate-oxidative 
pathway, a quantitatively important stimulation of glucose me- 
tabolism by way of the glucose-6-phosphate dehydrogenase reac- 
tion, in the presence of insulin in vitro, seems evident in adipose 
tissue. The concurrent and equally striking increase in the rate 
of lipogenesis may thus well be related to the increased supply of 
hydrogen in the form of reduced triphosphopyridine nucleotide 
resulting from the increased oxidation of glucose-6-phosphate by 
this tissue, in accord with the concepts of Langdon (3, 4), Shaw 
et al. (12), Siperstein and Fagan (13), and Lachance et al. (14). 
Whether increased oxidation of glucose-6-phosphate is respon- 
sible for increased lipogenesis or results from accelerated regen- 
eration of triphosphopyridine nucleotide during increased lipo- 
genesis (15) is not apparent from the data. 

Finally, the consistent parallelism of the incorporation of glu- 
cose carbon into “total ether-soluble lipides” with the incorpora- 
tion into long chain fatty acids (Table I) deserves comment. It 
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TaBLe III 


Effect of insulin upon the metabolism of carbon-6 of glucose to fatty 
acids by way of Emden-Meyerhof or alternate pathways 
(calculation discussed in the tezt)* 























| | Via Emden- re Via alternate 
P 2 V 1 
ee | a | ee 
No insulin added 
116 | 0.37 | 0.24 0.13 - | 35 
117 | 0.66 | 0.24 | 0.42 64 
118 | 0.62 | 0.2 | 0.41 66 
122 0.41 0.15 0.26 63 
123 | 0.25 | 0.14 0.11 44 
124 | 0.23 | 0.10 | 0.13 57 
Mean... | | | 55 
Insulin added in all flasks 
19 | 6.38 | 2.64 | 3.74 59 
120 | 2 i Af + Be 54 
Ty rn ee . ee? oe 62 
125 | 9.59 5.00 4.59 48 
126 | 4.19 2.39 1.80 43 
127 | 8.48 | 4.82 3.66 43 
Mean 52 


* Values expressed as micromoles per mg. of tissue nitrogen. 


would appear that no large amounts of ether-soluble lipides other 
than long chain fatty acids are synthesized in vitro from glucose 
carbon in either the presence or the absence of insulin. The fre- 
quent small discrepancy is of an order of magnitude which might 
be accounted for by the presence of glucose carbon in glycerol. 


SUMMARY 


Paired epididymal fat pads from normal, fed rats have been 
incubated with glucose-1-C™ and glucose-6-C™, and the oxidation 
of carbon-1 and carbon-6 to C“O, as well as their incorporation 
into fatty acids and total ether-soluble lipides have been meas- 
ured. More carbon-1 than carbon-6 was oxidized to COs, 
whereas more carbon-6 than carbon-1 was converted to fatty 
acids, suggesting the presence of one or more alternate pathways 
for the metabolism of glucose by adipose tissue. 

The addition of insulin in vitro markedly increased the amount 
of carbon-1 oxidized to CO, but stimulated oxidation of carbon-6 
to a much lesser degree. On the other hand, insulin stimulated 
lipogenesis from either carbon-1 or carbon-6 to the same extent. 
Calculations based upon lipogenesis from carbon-1 and carbon-6 
of glucose indicate that the proportion of glucose metabolized by 
way of an alternate pathway was not significantly altered by the 
addition of insulin in vitro. However, the magnitude of the ap- 
parently selective stimulation of the oxidation of carbon-1 to CO. 
is not readily explicable within present concepts of the metabolic 
pathways operative in adipose tissue. 

The concurrence, in the presence of insulin added in vitro, of 
strikingly increased oxidation of carbon-1 of glucose and of an 
equally striking increase in lipogenetic acitivity lends further 
support to the postulated requirement for hydrogen in the form 
of reduced triphosphopyridine nucleotide during the synthesis of 
long chain fatty acids. 
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Galactosyl oligosaccharides are produced from lactose by en- 
zyme preparations from yeasts, molds, and bacteria (1, 2). It 
has been suggested that these compounds are synthesized via a 
transgalactosylation mechanism in which galactosyl units of lac- 
tose are transferred to accepting or cosubstrate molecules (3-5). 
That the transferring enzyme of Saccharomyces fragilis acts by 
the transgalactosylation mechanism has now been verified. In 
addition, a number of saccharides have been tested as cosub- 
strates for the enzyme with a view to determining its cosubstrate 
specificity. The latter experiments have resulted in the prepara- 
tion of several new oligosaccharides. 


EXPERIMENTAL 


Enzyme Material—The enzyme preparation used in this study 
was derived from S. fragilis (6,7). It was an amorphous, yellow 
powder readily soluble in water. In our experiments solutions 
of the enzyme preparation in water or in phosphate buffer of pH 
6.7 were employed. The concentrations of enzyme used with 
the various substrates and cosubstrates are indicated for each 
group of experiments. 

Enzymatic Digests of Mixtures of Lactose with Raffinose, Plan- 
teose, or Stachyose—Since the enzyme has been shown to effect a 
transfer of galactosy] units of lactose to the 6 position of the galac- 
tosyl moiety of lactose or allolactose (5), the possibility that 
transfers could also be effected to the galactosyl moieties of 
raffinose (8-p-fructofuranosyl-(2 — 1)-a-p-glucopyranosyl- 
(6 — 1)-a-p-galactopyranoside), planteose (a-p-glucopyranosy]- 
(1 — 2)-6-p-fructofuranosy]-(6 — 1)-a-p-galactopyranoside), and 
stachyose (8 - p - fructofuranosyl - (2 — 1) - @ - p -glucopyrano- 
syl-(6 — 1)-a-p-galactopyranosyl-(6 — 1) -a-p-galactopyrano- 
side) wasexplored. 0.1 ml. of a solution of 0.6 m lactoseand 0.1 m 
raffinose, planteose, or stachyose was mixed with 0.1 ml. of 2 per 
cent enzyme solution, buffered to pH 6.7 with 0.1 m phosphate 
buffer. The digests were maintained at 30°. Samples (0.01 ml.) 
of the digests were placed on duplicate paper chromatograms af- 
ter 0, 2, 4, 8, and 24 hour reaction periods and were inactivated by 
heating in a drying oven at 100° for 5 minutes. Control digests 
of 0.1 ml. of enzyme solution (2 per cent) and 0.1 ml. of 0.1 m 
raffinose, planteose, or stachyose were also prepared and analyzed 
by the above chromatographic procedures. 

The chromatograms were developed by the multiple ascent 
technique (8). One chromatogram was sprayed with phloro- 
glucinol reagent (9), for locating the fructosyl compounds, and 


* Published with the approval of the Director as Paper No. 860, 
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the other with copper sulfate reagent (8), for locating the re- 
ducing sugars. The latter chromatogram showed that about 50 
per cent of the lactose had been converted to glucose, galactose, 
and galactosyl oligosaccharides. There were no chromatograph- 
ically detectable reducing sugars in the digest of planteose, raf- 
finose, or stachyose. The phloroglucinol-sprayed chromatogram 
showed that a new nonreducing fructosyl oligosaccharide with 
Ry value characteristic of a tetrasaccharide (8) was produced 
from lactose and planteose. Planteose evidently functions as a 
cosubstrate for the enzyme. Other phloroglucinol-sprayed chro- 
matograms showed that raffinose did function to a slight extent 
as a cosubstrate but that stachyose did not partake in the reac- 
tions. 

Enzymatic Digest of Lactose-C with Planteose—In order to 
show conclusively that the galactosy] unit of lactose is transferred 
by the enzyme and to determine whether it was transferred 
to the glucose or to the galactose moieties of planteose, the follow- 
ing isotope experiment was performed: 0.4 ml. of a solution of 
0.6 mM lactose-C™ (labeled in the glucose and galactose moieties 
(10)) and 0.3 m planteose were mixed with 0.4 ml. of a 2 per cent 
solution of the enzyme preparation. The digest was incubated 
at 30° for 4 hours, at which point enzyme activity was stopped 
by heating at 100° for 10 minutes. Paper chromatograms and 
radioautograms of the digest showed that a new fructosy! radio- 
active oligosaccharide and radioactive disproportionation prod- 
ucts of lactose were produced from these compounds. Radioac- 
tivity and Ry values are recorded in Table I for these products 
and for the products in a control digest of lactose-C“. The new 
fructosyl compound was isolated from the digest by a paper 
chromatographic method (5) and concentrated to a volume of 
0.2 ml. The compound in the solution migrated on paper as one 
homogenous spot at a rate characteristic of a tetrasaccharide (8). 
It was nonreducing but reactive with phloroglucinol and pos- 
sessed a specific activity of 1470 c.p.m. per mg. 

Hydrolysis of the Radioactive Fructosyl Oligosaccharide—0.1 ml. 
of the solution of the oligosaccharide was mixed with 0.1 ml. of 
0.02 n hydrochloric acid and heated at 80° for 4 hours. The 
hydrolysate was cooled and neutralized with solid sodium car- 
bonate. Paper chromatography of the hydrolysate showed that 
the mild hydrolytic conditions converted the compound into two 
reducing compounds, one of which is glucose and the other a 
compound possessing the chromatographic mobility of a trisac- 
charide. The latter compound contains fructose, since it yields 
the typical fructose color when sprayed with the phloroglucinol 
reagent. In view of the action pattern of the enzyme (5) this 
hydrolytic fragment is probably composed of fructose-galactose- 
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TABLE I 
Radioactivity* of products in 10 yl. of digest of lactose-C'* and of 
lactose-C'4 and planteose in the presence of Saccharomyces 
fragilis enzyme 

















Compound Rr value Lactose-C'# ee al 

C.p.m. c.p.m. 
Glucose + galactose........ 0.80, 0.77 2700 2800 
Compound 1............... 0.70 90 95 
BON a42\ac0braniaue ss 0.62 950 993 
Compound 2 (allolactose) . . 0.54 430 465 
Compound 3 (galactobiose). 0.46 325 384 
Compound 4............... 0.37 390 420 
Fructosyl addition product. 0.29 12t 147 
Compound 5............... | 0.21 111 107 





* The radioactivity measurements were determined directly on 
the paper chromatograms and represent the total counts per 
minute in the individual compounds in 10 ul. of the 4 hour digests. 

¢ There was no fructosyl compound at this Rp value, as indi- 
cated by the phloroglucinol test in the lactose-C™ digest. 


galactose. Radioactivity measurements showed that the trisac- 
charide was radioactive. 

The remainder of the solution of the tetrasaccharide (0.1 ml.) 
was mixed with 0.1 ml. of 0.2 n hydrochloric acid and heated in 
a sealed tube at 100° for 3 hours. Measurements of activity, 
obtained after separation of the carbohydrates in the hydrolysate, 
showed that the hydrolysis had converted the oligosaccharide to 
fructose, glucose, and galactose. Of these, the galactose was 
radioactive. On the basis of these results it can be said that the 
transferring enzyme of S. fragilis is indeed a transgalactosylase, 
i.e. an enzyme which transfers the galactosyl moiety of lactose 
to accepting cosubstrate molecules. In the transfer to planteose, 
the galactosyl unit of the planteose is the preferred point of at- 
tachment of the additional galactose unit. 

Enzymatic Digests of Lactose with Sucrose and Fructose—Since 
transfers of galactose units to glucose (3-5) are effected by the 
enzyme, the possibility of transfers to the glucose portion of 
sucrose was investigated. Digests of lactose and sucrose, of 
sucrose alone, and of lactose and fructose were prepared and ana- 
lyzed by the methods of the previous sections. The sprayed 
chromatogram showed that a new fructosyl oligosaccharide was 
produced in the digest of lactose and sucrose but not in the digest 
of sucrose alone. Preliminary structural information on the new 
compound indicates that it is a trisaccharide isomeric with 


TABLE II 


Extent of hydrolysis of lactose in the presence of p-sorbitol by the 
Saccharomyces fragilis enzyme 








Lactose p-sorbitol Lactose hydrolyzed 
mM mM mM 

0.06 0.00 0.0037 
0.01 0.0033 
0.05 0.0030 
0.10 0.0028 

0.12 0.00 0.0065 
0.01 0.0060 
0.05 0.0047 
0.10 0.0039 
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planteose. In the new compound the galactosyl unit is ap- 
parently attached by a 6 linkage to the fructose, whereas in 
planteose the linkage isa. The galactosyl units had evidently 
been transferred to the fructosyl unit and not, as had been ex- 
pected, to the glucosyl unit. Additional work on this type of 
transfer reaction and on the structural characterization of the 
compound is in progress in our laboratory. Fructose itself was 
a very poor cosubstrate for the enzyme. 

Enzymatic Digest of Lactose and Glucosamine—The amino sugar 
oligosaccharides are particularly useful for immunochemical stud- 
ies (11). To test whether the transferring enzyme of S. fragilis 
can effect transfer of galactose to glucosamine, a digest of 0.2 ml., 
buffered to pH 6.7, was prepared with final concentrations of 
reactants as follows: 0.5 m lactose, 0.4 m glucosamine, and 1 per 
cent enzyme. Samples of the digest were analyzed by paper 
chromatography in an n-butyl alecohol-acetic acid-water solvent 
system (4:2:1 by volume). The chromatogram, sprayed with 
ninhydrin, for locating new amino compounds, showed that a 
new amino sugar oligosaccharide was produced in the digest. 
Since the enzyme produced no action on glucosamine and galac- 
tose, the new compound was probably synthesized by a transfer 
of galactose from lactose to the glucosamine. In view of the 
mechanism of enzyme action, the new oligosaccharide is prob- 
ably 6-O-8-p-galactopyranosyl-p-glucosamine. The synthesis of 
the N-acetyl derivative of this compound by similar enzymatic 
procedures has been reported by two groups of investigators (12, 
13). 

Enzymatic Digest of Lactose and v-Sorbitol—In the initial ex- 
periments with p-sorbitol it was observed qualitatively on paper 
chromatograms that the hydrolysis of lactose was markedly in- 
hibited by the presence of p-sorbitol. Since this compound 
seemed to act as an enzyme inhibitor and not as a cosubstrate, 
some data on the rate of lactose hydrolysis in the presence of p- 
sorbitol were obtained. In the experiments, 10 ml. digests were 
prepared in which the final concentrations were: lactose, 0.06 m 
or 0.12 m; enzyme, 10 mg. per digest; and p-sorbitol, 0, 0.01, 0.05, 
and 0.1 m. Samples (2 ml.) of the digest were inactivated by 
heat after incubation of the digest at 30° for 15 minutes. Alli- 
quots of the solution were used for determination of glucose and 
galactose by the method of Tauber and Kleiner (14). Values 
obtained in a typical experiment are recorded in Table II. That 
p-sorbitol markedly inhibited the S. fragilis enzyme is clearly 
shown by the values in the table. Similar results were obtained 
with lactobionic acid, glucuronic acid, and gluconic acid. 


DISCUSSION 


Earlier studies (5, 15) have shown that lactose is dispropor- 
tionated by the enzyme of S. fragilis to glucose, galactose, and a 
series of new oligosaccharides (Compounds 1, 2, 3, 4, and 5). 
A two-step mechanism in which the galactosyl units of the sub- 
strate are transferred to cosubstrate molecules has been suggested 
for the disproportionation reactions. The initial experiments 
with planteose and the S. fragilis transferring enzyme showed 
that planteose functioned only as a cosubstrate. It is tempting 
to suggest that the enzyme molecule possesses two active sites, 
one specific for the substrate and the other specific for the co- 
substrate. Since a number of other oligosaccharides function as 
cosubstrates, the cosubstrate site on the enzyme has a broad 
specificity for oligosaccharides. 

Planteose and lactose-C™ labeled in the glucose and galactose 





YIM 


ar 
d- 
lis 
of 
a 
er 


eX- 
per 
in- 
ind 
ite, 


ere 
> M 
05, 

by 
Ali- 
and 
ues 
hat 
rly 
ned 


0r- 
ida 
5). 
sub- 
sted 
ants 
wed 
ting 
ites, 

co- 
nas 
‘oad 


tose 





August 1958 


units were ideal test substrates for establishing the transgalac- 
tosylation mechanism of action for the S. fragilis enzyme. A 
radioactive fructosyl tetrasaccharide was synthesized from these 
compounds and was isolated in pure form by chromatographic 
procedures. Prolonged acid hydrolysis of the new oligosaccha- 
ride converted it to glucose, fructose, and radioactive galactose, 
whereas partial acid hydrolysis converted the compound to glu- 
cose and a radioactive trisaccharide. The synthesis of the tetra- 
saccharide had evidently occurred via a transfer of the galactosyl 
unit of lactose to planteose, and the enzyme involved is appro- 
priately termed a transgalactosylase. 

Although no attempt has been made to test all possible carbo- 
hydrates for their ability to partake in the transgalactosylation 
reactions, a number of other oligosaccharides have been found to 
function as cosubstrates for the S. fragilis enzyme. In addition 
to glucose, galactose, lactose, and allolactose, previously shown 
to be cosubstrates (5), sucrose, planteose, raffinose, and glucosa- 
mine were effective cosubstrates for the enzyme. Because of 
their potential use in other enzyme studies two of the addition 
products from the above reactions have been isolated in pure 
form. They are (a) a trisaccharide, isomeric with planteose and 
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produced from sucrose and lactose, and (6) an amino sugar oli- 
gosaccharide produced from glucosamine and lactose. 

Some of the compounds tested proved to be potent inhibitors 
of the S. fragilis enzyme. Included in this group were p-sorbitol, 
lactobionic acid, glucuronic acid, and gluconic acid. The typical 
competitive type of inhibition as shown in Table II for p-sorbitol 
was observed for all of these compounds. The compounds in 
this group evidently compete with the lactose for the substrate- 
active site of the enzyme, thereby reducing the velocity of the 
enzyme action on lactose. Further studies on the inhibition of 
the enzyme by these compounds are in progress. 


SUMMARY 


The transgalactosylation mechanism is operative in the action 
of the Saccharomyces fragilis enzyme on lactose. New oligosac- 
charides were produced by enzymatic transfer of galactosy! units 
of lactose to sucrose, planteose, raffinose, or glucosamine, func- 
tioning as cosubstrates for the enzyme. p-sorbitol, and lactobi- 
onic, glucuronic, and gluconic acids were competitive inhibitors 
of the enzyme. 
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The metabolic fate of three flavonoids, hesperidin, eriodictyol 
and diosmin, isolated from citrus fruits was reported recently by 
Booth, Jones, and DeEds (2). A fourth flavonoid, naringin, 
which can be isolated readily from grapefruit, was also investi- 
gated as a potential precursor of metabolites in the urine of the 
rat and human. Because phloridzin is similar to naringin in 
structure, the former is included in the present studies. Phlo- 
ridzin is the glucoside of a chalcone whose aglycon is phloretin, 
the latter being identical with dihydronaringenin (Fig. 1). It is 
well known that phloridzin can be used as a means of producing 
glucosuria experimentally in animals. Since phloridzin and nar- 
ingin are closely related structurally, the question is raised nat- 
urally as to whether naringin may also cause the excretion of 
sugar in the urine. We are not aware of any published reports 
bearing on this subject. 


METHODS 


The experimental procedures used for the detection of phenolic 
substances in urine have been described earlier (3, 4). Briefly, 
this involved the use of ascending two-dimensional paper chroma- 
tograms of the ether extracts of acidified urines. The chroma- 
tograms were developed with the lower phase of a mixture of 
chloroform, acetic acid, water (2:1:1) in the first direction fol- 
lowed by development with 20 per cent aqueous potassium 
chloride in the second direction. After air drying, each chroma- 
togram was carefully examined under short UV! (Mineralight) 
in order to mark all absorbing and fluorescing areas. Each 
chromatogram was then sprayed with DSA followed by 20 per 
cent sodium carbonate in order to visualize the phenolic com- 
pounds as colored spots. 

The phloridzin and naringin used in these experiments were 
obtained from commercial sources. Phloretin and naringenin 
were easily prepared by acid hydrolysis of the corresponding 
glycosides. 

Both the glycosides and aglycons were given to rats as aqueous 
suspensions by stomach tube, and subcutaneously as suspensions 
in cottonseed oil. When administered subcutaneously the ma- 
terial was injected in three divided doses at 0, 8, and 24 hours 
during the 48 hour period of urine collection. 


* A preliminary report pertaining to the metabolism of naringin 
has been published (1). 

1 The abbreviations used are: p-HPPA, p-hydroxyphenylpro- 
pionic acid; UV, ultraviolet scanning lamp, Mineralight; DSA, 
diazotized sulfanilic acid; m-HBA, m-hydroxybenzoic acid; 
p-HBA, p-hydroxybenzoic acid. 


A purified diet devoid of glucose was used for the rat experi- 
ments so that small amounts of food spillage into the urine-col- 
lecting receptacle would not influence the urinary glucose deter- 
minations. The diet had the following composition (in per cent): 
sucrose, 71; vitamin-free casein, 18; aceto-olein, 5; salts, 4; and, 
crystalline B vitamins (in sucrose), 2. Vitamins A, D, E, and 
K were suspended in oil and given by mouth at weekly intervals. 

Detection of Urinary Glucose—The method of Sumner was used 
which involved the development of a specific color with 3,5- 
dinitrosalicylic acid (5). Use was also made of a commercially 
available urinary sugar paper strip test which was specific for 
glucose based upon a glucose oxidase reaction (6). 

Detection of Urinary Sulfate—This involved the turbidimetric 
measurement of barium sulfate (7) after hydrolysis of a suitable 
aliquot of the urine. 

Detection of Urinary Conjugates—This was described earlier (2). 


RESULTS 


Phlioridzin and naringin were each given as single doses by 
stomach tube (200 mg. per adult male rat). No increase was 
noted in either the volume of urine or the glucose content com- 
pared to urine from the same rats before such treatment. How- 
ever, these same rats were given these same two glycosides by 
subcutaneous injection (100 mg. per rat) 1 week later. A severe 
polyuria and glycosuria resulted in the rats receiving phloridzin, 
whereas the urine from rats receiving naringin subcutaneously 
was comparable to control urine. 

The above experiments involving a comparison of the effects 
of oral and subcutaneous routes of administration of phloridzin 
and naringin were duplicated with the corresponding aglycons. 
Neither phloretin nor naringenin (100 mg. per rat) had any effect 
by either route of administration on the urinary volume or glu- 
cose excretion. 

All of the urine samples collected during the above experiments 
pertaining to glucosuria were also used to study the metabolic 
fate of the four flavonoids administered. Without exception 
phloridzin and naringin and their corresponding aglycons yielded 
p-HPPA (phloretic) as shown by chromatography of the ether 
extracts of the urines (Fig. 1). In each case the area on the 
chromatogram, which was identified as p-HPPA, was found to 
absorb under UV, and to form a red spot after spraying with 
DSA. Also Ry values were found to be identical with the values 
obtained from an authentic sample of this compond (Table I). 

Associated with the finding of p-HPPA was the finding of small 
amounts of p-hydroxycinnamic (p-coumaric) acid on the same 
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chromatograms. A third area was also detected which absorbed 
under UV, but failed to give any color after spraying with DSA. 
Acid hydrolysis (1 hour refluxing in 10 per cent HCl) of this spot, 
cut from an unsprayed chromatogram, followed by ether ex- 
traction and migration in the same two-dimensional paper 
chromatographic system, revealed the presence of m-HBA or 
p-HBA after spraying with DSA. Since m-HBA and p-HBA 
have similar Ry values in the above system it was necessary to 
resolve this metabolite in a second two-dimensional solvent sys- 
tem. This consisted of isopropyl alcohol-aqueous ammonia- 
water (8:1:1) in the first direction followed by 20 per cent KCl 
in the second direction. The behavior of the compound was 
found to be identical with that of p-HBA. The next step was 
to identify the compound with which the p-HBA was conjugated. 
Since the conjugate failed to form any color when sprayed with 
DSA it was concluded that the hydroxy] rather than the carboxyl 
group of the p-HBA was involved in the conjugation. Analysis 
of the hydrolysate for glucuronic acid gave negative results. 
This directed our attention to ethereal sulfate. Analyses of 
naringin urine compared to control urine revealed a definite in- 
crease in sulfate content. The ethereal sulfate of p-HBA was 
synthesized and was found to have identical Rr values and UV 
characteristics when compared with the urinary metabolite in 
naringin urine (Table I). 

When naringin was given to rats orally or subcutaneously, in 
addition to the metabolites identified above, two other areas 
were clearly in evidence on the chromatograms. One corres- 
ponded to naringenin; the other was found to be the glucuronide 
of naringenin. The identity of the latter area was confirmed by 
acid hydrolysis followed by the detection of glucuronic acid 
colorimetrically (2) and naringenin chromatographically in the 
hydrolysate. These same two metabolites were also recognized 
on the chromatograms of the rats which had received the aglycon 
naringenin either orally or subcutaneously. 

The urine from rats which had received phloridzin by either 
route of administration was found to contain phloretin and the 
glucuronide of phloretin based on the same criteria as were used 
for the study of naringin urine. Likewise, the urine from rats 
which had received the aglycon phloretin orally or subcutaneously 
was found to contain phloretin per se and the corresponding 
glucuronide. 

The excretion of the glucuronide of phloridzin in the urine of 
dogs following constant infusion of phloridzin has recently been 
reported (8). In this work use was made of one-dimensional 
paper chromatograms using the nonaqueous phase of a mixture 
of n-butanol, acetic acid, water (4:1:5). In this system the 
glucuronide of phloridzin has a low Rr value compared with 
phloridzin, phloretin, or the glucuronide of phloretin. Using 
this system we have clearly shown the glucuronide of phloridzin 
to be absent in rat urine following the oral or subcutaneous 
administration of phloridzin. Phloretin and the glucuronide of 
phloretin, on the other hand, were present and readily recogniz- 
able. 

In order to confirm the probable sequence for the degradation 
of p-HPPA, both this compound and p-HBA were fed to rats. 
Following the ingestion of p-HPPA there was unmistakable 
chromatographic evidence that p-coumaric acid and the ethereal 
sulfate of p-HBA were excreted. When p-HBA was given to 
rats, in addition to an increase in the excretion of p-HBA per se, 
there was also in evidence relatively large amounts of the ethereal 
sulfate of p-HBA, as expected. 
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Fig. 1. Flavonoid structure, site of cleavage, and principal 
metabolic product from rat urine 


Estimates of amounts of urinary metabolites excreted by rats 
were based on comparisons of spot sizes on chromatograms 
containing appropriate volumes of urine with known amounts 
(5 to 10 mg.) of the authentic compounds. From a 200 mg. 
dose of naringin there were 25 to 30 mg. of p-HPPA and 4 to 8 
mg. of naringenin (including both free and conjugated) excreted 
in the urine. 

Having found a species difference between the rat and human 
as regards the degradation products of hesperidin appearing in 
the urine after oral ingestion (1) it was of interest to make this 
same comparison in the case of naringin. 2 gm. of naringin 
were suspended in milk and taken orally by a human as a single 
dose. Five urine samples were collected at definite intervals 
during the next 38 hours. An ordinary diet was ingested during 
this period except for the exclusion of coffee and citrus products. 
Chromatograms of the urine sample collected 7 to 14 hours after 


TABLE I 


Chromatographic behavior of urinary metabolites 











Rr 
Ss a A . 7 
. ~ ‘ ppearance Color with 
Compound ( a 20 per | under UV | DSA 
: cent | 
acetic KCl | 
water 





p-Hydroxybenzoic acid. . .| 0.34 | 0.48 








Absorbs | Yellow 
p-Coumarie acid........ .| 0.40 | 0.23 | Absorbs | Yellow 
p-Hydroxyphenyipropi- | 

onic acid. : ....| 0.51 | 0.67 | Absorbs | Red 
p-Hydroxy benssie ‘acid- | 

| re ant 0.04 | 0.67 | Absorbs Colorless 
ITT | 0.02 | 0.28*| Negative | Orange 
ae | 0.04 | 0.02 | Absorbs | Orange 


Glucuronide of phloretin. | 0.02 | 0.30*| Negative Orange 








Naringin.......... 0.06 | 0.62 | Negative | Brownish- 
orange 
Naringenin.............. | 0.26 | 0.05 | Absorbs | Brownish- 
| orange 
Glucuronide of naringenin.| 0.04 0.42*| Negative | Orange 





* Because of tailing, these values are based on the most ad- 
vanced point reached by the compound after migration; all other 
values are calculated from the centers of the spots formed after 
migration in the two dimensions. 
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the ingestion of the naringin revealed unmistakable evidence for 
the presence of naringenin and the glucuronide of naringenin. 
No other areas of involvement related to the naringin ingestion 
could be detected. The presence of naringenin and its glu- 
curonide were no longer in evidence on the chromatogram 
representing the 24 to 38 hour urine sample. 


DISCUSSION 


The absence of naringin per se in the urine of rats following 
its oral or subcutaneous administration indicates a conversion to 
naringenin before being metabolized, conjugated, or excreted as 
such. Unfortunately, phloridzin and the glucuronide of phlore- 
tin have similar Ry values and, consequently, we were unable to 
determine if phloridzin is excreted as such after its administra- 
tion. Since injected phloridzin caused glucosuria and polyuria 
whereas injected phloretin did not, it is tempting to speculate 
that phloridzin was absorbed unchanged and caused the glu- 
cosuria before its conversion to phloretin and excretion in the 
urine as phloretin or the corresponding glucuronide. At any 
rate, the glucose attached to the phloretin molecule appears to 
be indispensable in determining whether glucosuria will be 
produced, under the conditions used here. It also appears that 
glucuronic acid cannot substitute for glucose on the phloretin 
molecule without loss of this activity. It should be helpful to 
inject the glucuronide of phloretin and the glucoside of naringenin 
when these compounds become available. The absence of 
glucosuria in rats following the oral administration of phloridzin 
could be accounted for on the basis that its conversion to phlore- 
tin takes place in the stomach or intestine before absorption 
from the gut. 

Both naringin and phloridzin were metabolized in the same 
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way judging by the degradation products identified in the urine 
of rats. The finding of relatively large amounts of p-HPPA 
can be readily accounted for if the cleavage of the flavonoid 
takes place as indicated in Fig. 1. The appearance of smaller 
amounts of p-coumaric acid and the ethereal sulfate conjugate 
of p-HBA in the urine implicates 8-oxidation of some of the 
3-carbon side chain of p-HPPA. 

The failure to find split products in the urine of the human 
after ingestion of naringin is unexpected since there was con- 
siderable evidence of cleavage having taken place in rats. Fur- 
thermore, work has already been published showing that degrada- 
tion of other flavonoids such as quercetin and hesperidin does 
occur in the human (2, 3). 


SUMMARY 


Naringin and phloridzin and their respective aglycons were 
administered to rats either by stomach tube or subcutaneously. 
It was only when phloridzin was injected that glucosuria was 
produced. All four of these compounds gave rise to the same 
degradation products in the urine, including p-hydroxyphenyl- 
propionic acid, as well as small amounts of p-coumaric acid and 
the ethereal sulfate of p-hydroxybenzoic acid. Also in each 
case the aglycon and the aglycon conjugated with glucuronic 
acid were recognized in the urine. A species difference was 
encountered in that after the oral ingestion of naringin by the 
human, only naringenin and the corresponding glucuronide were 
detected in the urine. 


Acknowledgment. The authors wish to thank Dr. O. H. 
Emerson for the synthesis of the ethereal sulfate of p-hydroxy- 
benzoic acid. 
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Relatively little is known concerning the metabolism of 
2-deoxy-p-ribose. This pentose is a constituent of deoxyribose 
nucleic acid and evidence from isotopic experiments (1,2) indicates 
that it arises directly by the reduction of nucleoside- or nucleo- 
tide-bound ribose. Racker (3) has described an enzyme in ex- 
tracts of Escherichia coli, Corynebacterium diphtheriae, and mouse 
liver which reversibly splits deoxyribose-5-phosphate to acetal- 
dehyde and triose phosphate, and Hoffmann and Lampen (4) 
concluded that such a cleavage to C. and C; fragments was in- 
volved in the fermentation of deoxyribose nucleosides by E. colt. 

Fermentation experiments have now been conducted with 
2-deoxyribose and Lactobacillus plantarum. With pentoses 
such as D-xylose or L-arabinose, this organism produces one 
equivalent each of acetic acid and lactic acid. With the 2- 
deoxypentose, the products have now been shown to be acetalde- 
hyde and lactic acid, formed in equal amounts stoichiometric to 
the deoxypentose utilized. In the absence of a trapping agent, 
such as bisulfite, a portion of the acetaldehyde produced under- 
goes a dismutation reaction to yield ethanol and acetic acid. 

Extracts of cells grown on deoxyribose or adapted to this sub- 
strate contain a very active deoxyribose aldolase, as well as a 
deoxyribose kinase (Diagram 1, J),! and the pathway of fermen- 
tation appears to involve the reactions illustrated in Diagram 1. 

Resting cells can be employed for the degradation of C"*- 
labeled deoxyribose, since each carbon atom can be isolated in- 
dependently from the fermentation products. Since the deoxy- 
ribose aldolase reaction (Diagram 1, JJ) is reversible, crude 
extracts of the organism can be used for the preparation of 
2-deoxy-p-ribose-5-phosphate from fructose-1 ,6-diphosphate (as 
a source of triose phosphate) and acetaldehyde. 


MATERIALS AND METHODS 


Samples of synthetic 2-deoxy-p-ribose were generously pro- 
vided by Dr. H. G. Fletcher, Jr., and Dr. H. Wood of this In- 
stitute and by Dr. F. Kagan of the Upjohn Company. These 
were chromatographically homogeneous in several solvent sys- 
tems. Reduced diphosphopyridine nucleotide was prepared by 
the method of Ohlmeyer (5). Commercial diphenylamine was 
recrystallized four times from 70 per cent ethanol. Commercial 


* Fellow of the Damon Runyon Memorial Fund for Cancer 
Research. Present address, Max Planck Institut fiir Zellchemie, 
Munich, Germany. 

1 Evidence for a deoxyribose kinase in fresh extracts of deoxy- 
ribose-grown cells has been obtained in this laboratory by A. 
Ginsburg. 


acetaldehyde was distilled in the cold room under a helium gas 
flow; the distillate was stored under helium at —16° and appro- 
priate dilutions with water were made every week. Fructose-1 ,6- 
diphosphate (Schwarz Laboratories, Inc.,Ca salt) was converted to 
the sodium salt by stirring a solution with Dowex-50(Na* form). 
Glycerophosphate dehydrogenase (6) and aldolase (7) were 
prepared from rabbit muscle. Alcohol dehydrogenase was 
obtained from the Worthington Biochemical Corporation. Su- 
perbrite glass beads (Type 133, Minnesota Mining and Manu- 
facturing Corporation) were washed successively with 5 per 
cent HCl and water and dried in air. We are indebted to Mr. 
W. E. Pricer, Jr., of this Institute for the preparation of aceto- 
kinase from E. coli by the method of Rose et al. (8). Authentic 
deoxyribose-5-phosphate prepared from commercial deoxy- 
adenosine was a gift of Dr. A. Weissbach of this Institute. 

Analytical—2-Deoxyribose was assayed by the diphenylamine 
method of Dische (9). When this method was applied to the 
determination of 2-deoxyribose-5-phosphate, extinction values 
somewhat higher than with the free sugar were observed. A 
correction factor of 0.93 was used, based on the organic phos- 
phorus content. Phosphorus assays were performed by the 
method of Fiske and SubbaRow (10). Lactic acid, and in some 
experiments acetaldehyde, were determined by the colorimetric 
method of Barker and Summerson (11); for the determination of 
acetaldehyde the 5 minute heating period was omitted. Ethanol 
(12) and acetaldehyde were assayed spectrophotometrically with 
alcohol dehydrogenase and diphosphopyridine nucleotide or re- 
duced diphosphopyridine nucleotide, respectively. Acetate was 
determined with acetokinase (8, 13). Protein determinations 
were performed by the turbidimetric method of Biicher (14). 
Triose phosphate and fructose diphosphate were assayed spec- 
trophotometrically with glycerophosphate dehydrogenase and re- 
duced diphosphopyridine nucleotide (15). 

Bacterial growth was measured turbidimetrically at a wave 
length of 660 my in the Coleman junior spectrophotometer. 

Growth of Bacteria—L. plantarum strain 124-2 (ATCC 8041) 
was grown as previously described (16). Transfers were made 
from agar stabs into 10 ml. of broth that contained 1 per cent of 
glucose and from this into 100 ml. of glucose broth. Finally 30 
ml. of a 15 to 20 hour glucose culture were used to inoculate 1 
liter ffisks that contained 600 ml. of broth to which 12 ml. of 20 
per cent glucose and 2.4 ml. of 20 per cent deoxyribose, sterilized 
separately, had been added. Cells were grown for about 15 
hours at 37° and harvested by centrifugation at 2° at 6000 x g. 
The cells were washed once with 0.1 m K phosphate buffer, pH 


283 








284 


DiaGRaM 1 
HCO 
| 
CH; 
HCO = acetaldehyde 
| 
HCH HCH + 
| I | II 
HCOH —~ a == HCO COOH 
| 
HCOH HCOH HCOH — CHOH 
| | | 
H.COH H,COPO;~ H.COPO;- CH; 
2-deoxy-p- 2-deoxy-p-ribose- glyceraldehyde- lactic 
ribose 5-phosphate 3-phosphate acid 


6.5. The average yield when the organisms were grown under 
these conditions was 1.6 gm. of wet cells per 600 ml. of medium, 


RESULTS 


Adaptation of L. plantarum to Deoxyribose—Resting cell sus- 
pensions utilized deoxyribose at a rapid rate, but only if they 
were previously grown in the presence of this substrate (Fig. 1). 
Cells grown on p-glucose, D-xylose or L-arabinose showed no 
utilization of deoxyribose even after several hours at 37°, whereas 
with deoxyribose-grown cells the utilization of this sugar began 
at once. In order to conserve deoxyribose, cells were routinely 
grown on glucose containing a small amount of deoxyribose, as 
indicated under ‘‘Methods.”’ Under these conditions no deoxy- 
ribose utilization occurred until all the glucose was utilized 
(Fig. 2). The level of deoxyribose, in the range tested, did not 
influence the yield of cells or the rate of deoxyribose utilization, 
once the cells became adapted. The rates of deoxyribose utili- 
zation by washed resting cells and the deoxyribose aldolase con- 
ent of cell-free extracts were similar with cells derived from cul- 
ures grown on 0.08 per cent and on 0.20 per cent deoxyribose. 
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Fia. 1. The utilization of deoxyribose (DR) by resting cells 
grown on various substrates. In each case 10 ml. of broth con- 
taining 1 per cent of sugar were inoculated with 0.5 ml. of a 24 
hour glucose culture. The cells were harvested after 20 hours at 
37°, washed with 0.1 M phosphate buffer at pH 6.5, and suspended 
in 2 ml. of 0.1 m phosphate buffer, pH 6.5, containing 2 umoles of 
deoxyribose. The incubation temperature was 37°. Aliquots 
were centrifuged at intervals, and the supernatant solution was 
analyzed for deoxyribose. 
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Fig. 2. Growth of Lactobacillus plantarum and deoxyribose 
(DR) utilization with mixtures of glucose and deoxyribose. The 
culture conditions were as described in Fig. 1 except that the final 
medium contained 0.4 per cent of glucose and 0.08 per cent of 
deoxyribose in Experiment (A) and 0.4 per cent of glucose and 0.2 
per cent of deoxyribose in Experiment (B). 


Products of Deoxyribose Fermentation—When the fermentation 
was carried out in the presence of bisulfite (Table I, Experiment 
1) stoichiometric quantities of acetaldehyde and lactic acid were 
formed. Without bisulfite (Experiment 2) the yield of acet- 
aldehyde was about 60 per cent, with the remainder present as 
acetic acid and ethanol. All of the C, fragment could be ac- 
counted for as acetate after oxidation with dichromate (Experi- 
ment 3). 

Acetaldehyde was identified by the preparation of the dimedon 
derivative. After two recrystallizations from ethanol, this prod- 
uct showed a melting point of 137-139° compared with 139° for 
the authentic derivative. The melting point of a mixture of the 
two preparations showed no depression. 


Deoxyribose-5-Phosphate Metabolism in Cell-Free Extracts 


Preparation of Cell-Free Extracts—Extracts of deoxyribose- 
adapted cells were prepared by sonic disintegration or with the 
Nossal (17) disintegrator. For sonic disruption, 3 gm. of wet 
cells were suspended in 30 ml. of cold water containing 0.3 ml. 


TaBLeE I 
Fermentation of deoxyribose with and without bisulfite 


Washed cells derived from 20 ml. of 0.5 per cent deoxyribose 
broth were suspended in 2 ml. of 0.1 m phosphate buffer, pH 6.5, 
containing 2 wmoles of deoxyribose in Experiments 1 and 2 and 4 
umoles of NaHSO; in Experiment 1. Incubation was for 1 hour 
at 37°. In Experiment 3, cells from 100 ml. of culture were used, 
with 210 umoles of deoxyribose. 








. z Deoxyribose Acetaldehyde Lactic acid Acetic acid 
Experiment No. utilized formed forme formed 
pmoles pmoles pmoles pmoles 
1 1.69 1.64 1.70 
2.0 1.18 2.0 
3 200 197* 

















* After distillation of the volatile compounds from acid solu- 
tion and oxidation with dichromate. 
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of 0.3 m glutathione (previously neutralized) and treated for 30 
minutes in a 10 Ke Raytheon sonic oscillator. The mixture was 
centrifuged and the residue was discarded. For the preparation 
of Nossal extracts a suspension of 2.5 gm. of wet cell paste in 8 
ml. of water and 0.5 ml. of 0.3 m glutathione were shaken at 2° 
with 8 gm. of glass beads for three 30 second periods, between 
which the metal cartridges were cooled in ice. The mixture was 
then centrifuged and the residue washed twice with 5 ml. por- 
tions of cold water. The extract and washings were combined. 

Test for Deoxyribose Aldolase and Partial Purification of En- 
zyme—For the assay of deoxyribose aldolase, the rate of forma- 
tion of deoxyribose from acetaldehyde and triose phosphate was 
measured. A mixture containing 6.5 uwmoles of acetaldehyde, 
1.1 umoles of the sodium salt of fructose diphosphate, 20 umoles 
of maleate buffer at pH 6.5, 2.5 ug. of crystalline muscle aldo- 
lase, and an appropriate amount of deoxyribose aldolase was in- 
cubated at 37° for 10 minutes in a stoppered glass tube. The 
reaction was stopped by the addition of 0.6 ml. of water and 2 
ml. of diphenylamine reagent and heated to complete the di- 
phenylamine color reaction. A blank without deoxyribose 
aldolase was run to correct for the small amount of color arising 
from the fructose diphosphate. A unit was defined as the 
quantity of enzyme required to yield 1 umole of deoxyribose 
under these conditions. Extracts of glucose-grown cells showed 
some deoxyribose aldolase activity, which was increased approx- 
imately 5-fold when both glucose and deoxyribose were present. 

For purification of the enzyme, the bacterial sonic or Nossal 
extracts were treated with 0.05 volume of 1 mM MnCh, kept 30 
minutes at 0°, and centrifuged. The supernatant solution was 
about 3-fold purified without loss of activity. This solution was 
fractionated with ammonium sulfate. The fraction obtained be- 
tween 60 and 80 per cent saturation contained 78 per cent of 
the total activity. It was collected by centrifugation, adjusted 
to 50 per cent saturation by testing diluted aliquots with a con- 
ductivity meter, and heated for 5 minutes at 65°. The heated 
solution was centrifuged and the supernatant solution was 
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Fig. 3. The formation of deoxyribose phosphate from acetalde- 
hyde and triose phosphate. The reaction mixture contained 205 
umoles of fructose diphosphate, 2650 wmoles of acetaldehyde, 
0.7 mg. of crystalline aldolase, 15 mg. of deoxyribose aldolase 
(ammonium sulfate fraction), and 4000 wmoles of tris(hydroxy- 
methyl)aminomethane buffer, pH 6.5. The temperature was 
a7". 
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brought to 80 per cent saturation with ammonium sulfate. The 
recovery of activity after heating and precipitation was 73 per 
cent. The over-all purification varied greatly, but was usually 
between 5- and 10-fold. This preparation was quite stable and 
was used for the enzymatic studies, except where otherwise in- 
dicated. 

Preparation of Deoxyribose Phosphate—For the preparation of 
deoxyribose phosphate, identical results were obtained with the 
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Fig. 4. Ion exchange chromatography of the condensation 
products. The reaction mixture contained 5200 umoles of acet- 
aldehyde, 880 wmoles of sodium fructose diphosphate, 8000 
umoles of tris(hydroxymethyl)aminomethane buffer, 0.9 mg. 
of crystalline aldolase, and a crude extract of Lactobacillus plan- 
tarum (obtained by Nossal disintegration) containing 20 mg. of 
protein. The final pH was 6.7. After 120 minutes, 665 yumoles 
of deoxyribose phosphate were formed. The mixture was cooled 
and placed on a Dowex 1-formate column (7 X 16.5 cm., 10 percent 
cross-linked). Gradient elution was accomplished with a mixing 
chamber containing 550 ml. of water and a reservoir containing 
0.2 m sodium formate in 0.5m formic acid. Elution was performed 
at a rate of 2.5 ml. per minute, and the volume of each fraction was 
13 ml. Aliquots were assayed for deoxypentose and organic phos- 
phorus. 
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TaB_e II 
Alkali lability of phosphate esters formed in condensation reaction 
Analysis First peak Second peak 
pumoles/ml. umoles/ml. 
OE «5.055 00 55 eee Naser 1.7 0 
pt A ee pee eae 23.0 1.50 
Inorganic P after 20 min. in 1 N 
ESE Err an pe re 5.4 1.39 
Alkali labile P as per cent of or- 
Sb ACR Reenter 17 93 











TaB_e III 


Enzymatic degradation of reaction product 
The incubation mixture contained 1.25 uwmoles of potassium 
salt of deoxyribose-5-phosphate isolated from Peak 1, 25 umoles 
of maleate buffer, and deoxyribose aldolase with 50 ug. of protein 
(ammonium sulfate fraction). The incubation was for 30 min- 
utes at 37°. 





Reaction 


product utilized Acetaldehyde formed 


Triose-P formed 








pmoles | pmoles umoles 


0.89 0.88 0.88 
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purified preparations or the crude unfractionated Nossal ex- 
tracts. In the presence of excess acetaldehyde with fructose 
diphosphate and muscle aldolase as the source of triose phos- 
phate, the reaction continued until nearly 1 equivalent of deoxy- 
ribose was formed per mole of fructose diphosphate (Fig. 3). 
This was 50 per cent of the yield expected on the basis of total 
triose phosphate. In the absence of aldolase no reaction oc- 
curred, indicating that in this organism, as in E. coli, deoxyribose 
aldolase and fructose-1 ,6-diphosphate aldolase are different en- 
zymes. 

Chromatography of the reaction mixture on an anion exchange 
column showed two peaks that contained organic phosphorus 
(Fig. 4). The diphenylamine reaction was confined to the first 
peak and was quantitatively equal to the organic phosphorus; 
this substance was therefore a deoxypentose monophosphate. 
The second peak gave no diphenylamine test and contained an 
alkali-labile ester (Table II). This substance was most likely 
the methy] tetrose-1-phosphate ester described by Meyerhof, 
Lohmann, and Schuster (18), formed in an aldolase-catalyzed 
condensation of dihydroxyacetone phosphate and acetaldehyde. 

Precipitation of Deoxyribose Phosphate as Calcium or Barium 
Salt—Fractions 177 to 194 (230 ml.), containing 575 umoles of 
deoxyribose phosphate, were pooled and treated with 1800 
umoles of CaCl, and the pH was adjusted to 7.1 by addition of 
saturated KOH. The calcium salt was precipitated by the ad- 
dition of 970 ml. of cold ethanol. The flocculent precipitate 
was collected by centrifugation, washed with 80 per cent alcohol, 
and dried in vacuo over KOH. The yield was 184 mg. of a light 
brown powder that contained 361 ywmoles of deoxyribose phos- 
phate; purity equaled 50 per cent on a weight basis. In similar 
experiments the barium salt was precipitated by the addition of 
a 4-fold excess of barium acetate followed by 4 volumes of ethanol 
and an equal quantity of acetone. The recovery of deoxyribose 
as the barium salt was quantitative, but the purity on a weight 
basis was less than 30 per cent. The nature of the contaminating 
substances is not known, except that they were free of inorganic 
and organic phosphorus. Further experiments on the recovery 
of deoxyribose from the dilute eluates are in progress. 

Evidence for Formation of Deoxyribose-5-Phosphate—Both 
authentic deoxyribose-5-phosphate and the material isolated 
from Peak 1 of the chromatogram were degraded at identical 
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rates by purified deoxyribose aldolase. The products, acetalde- 
hyde and triose phosphate, were analyzed enzymatically (Table 
III). Thus the deoxyribose aldolase reaction is reversible, as 
was shown by Racker (3). The enzymatic properties and the 
acid lability of the product in Peak 1 were consistent with those 
of deoxyribose-5-phosphate. 


DISCUSSION 


The fermentation of deoxyribose by L. plantarum involves a 
C: to Cs split catalyzed by the deoxyribose aldolase first found by 
Racker (3) in Z. coli. The adaptive nature of this enzyme sug- 
gests that it is concerned with the catabolic metabolism of 
deoxyribose rather than the biosynthesis of this sugar. This 
is in agreement with evidence from other sources indicating that 
deoxyribose is derived from ribose nucleosides or nucleotides (1, 
2). Resting cells of L. plantarum adapted to deoxyribose have 
been used for the degradation of Deoxyribose nucleic acid, and a 
comparison of the labeling found in this sugar with that of 
ribonucleic acid ribose is also consistent with a direct conversion, 
rather than synthesis of deoxyribose from C; and C3 precursors. 

Crude extracts of L. plantarum, grown on glucose and adapted 
to deoxyribose, can be employed for the synthesis of deoxyribose- 
5-phosphate from readily available precursors. The extract de- 
rived from deoxyribose-adapted cells will catalyze the formation 
of a quantity of deoxyribose-5-phosphate which is roughly equiv- 
alent to the quantity of deoxyribose required to induce the en- 
zyme in the glucose-grown cells. 


SUMMARY 


1. Lactobacillus plantarum can be adapted to the fermentation 
of 2-deoxy-p-ribose. With resting cells the products are acet- 
aldehyde, ethanol, acetic acid, and lactic acid. In the presence 
of bisulfite, stoichiometric quantities of acetaldehyde and lactic 
acid are formed. 

2. Cell-free extracts contain deoxyribose aldolase, which in- 
creases greatly in amount after adaptation. This suggests that 
this enzyme is involved in the fermentation of deoxyribose and 
that the pathway is deoxyribose — deoxyribose phosphate — 
acetaldehyde + triose phosphate — acetaldehyde + lactic acid. 

3. Cell-free extracts can be used without further purification 
for the preparation of deoxyribose-5-phosphate. 
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Studies on the Biosynthesis of 1-Rhamnose* 
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Although L-rhamnose, a methylpentose, is widely distributed 
in natural products from bacteria and plants, the precursors 
of its carbon skeleton remain undefined despite 60 years of inter- 
mittent experimentation and speculation. t-rhamnulose (1-3) 
and t-rhamnulose-phosphate (1, 4) have been established as 
intermediates in the catabolism of L-rhamnose, and the suggestion 
has been made that one of these 6-carbon compounds might cleave 
in order to yield as yet unidentified 3-carbon units (4). Pro- 
panediol (5) and lactic aldehyde (6) have been identified as 
fermentation products of rhamnose. 

In a previous publication (7) the conditions under which 
cultures of Pseudomonas aeruginosa produce a rhamnolipide 
composed of 2 moles of t-rhamnose and 2 moles of 6-hydroxy- 
decanoic acid (8) were described. It was also shown, with 
synthetic media containing pt-glycerol-1-C™ or glycerol-2-C™ 
as the sole carbon source, that glycerol can furnish all of the 
carbon of this rhamnolipide and that the rhamnose moiety seems 
to result from the condensation of two 3-carbon units, each 
formed from glycerol without rearrangement of its carbon chain. 
Acetate-1-C™ furnished no C™ for rhamnose synthesis and CO, 
was not incorporated into the rhamnolipide (9). 

In the present paper, observations have been made on the 
ability of resting cells of P. aeruginosa to oxidize a number of 
substrates relevant to rhamnose metabolism. The origin of 
rhamnose carbon has also been investigated further by growing 
the organism on media containing p-glucose-6-C™, p-fructose- 
6-C", p-glycerol-1-C“ or mixtures of p1-glycerol-1-C“ with 
unlabeled pi-propanediol-1,2. 1t-rhamnose formed on_ these 
media was degraded to obtain the pattern of labeling. 

A preliminary report of this work has been published (10). 


EXPERIMENTAL 


Experiments with Resting Cells—Cultures of P. aeruginosa 
were grown for suitable periods of from 1 to 5 days on a shaker 
at 30-33° in synthetic media containing 1 per cent of carbon 
source (7). The cells were centrifuged at 18,000 x g in an 
anglehead centrifuge and washed three times with 0.01 m potas- 
sium phosphate buffer, pH 7. For experiments using the War- 
burg microrespirometer, the washed cells were suspended in 
water so that a 1:100 dilution gave an optical density between 
0.15 and 0.35 in a Coleman Universal spectrophotometer at a 


* This work was supported in part by a contract with the Atomic 
Energy Commission and by a grant from the Eugene Higgins 
Trust through Harvard University. 

+ Postdoctoral Research Fellow of the National Institutes of 
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t Work carried out during the tenure of a Lederle Medical Fac- 
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wave length of 590 mu. This corresponded to a concentration 
of cells in the undiluted suspension of between 7 and 17 mg. dry 
weight per ml. When fructose-grown cells were used, the con- 
centration of cells was reduced because growth was poor on 
this carbon source. 

Respirometer flasks contained 2 ml. of buffer, 0.5 ml. of bac- 
terial suspension, 0.5 ml. of substrate solution (12 ywatoms of 
carbon) and 0.2 ml. of 10 per cent KOH solution in the center 
well. The total volume in each flask was 3.2 ml. and the pH 
was 7. Oxygen consumption of the resting cells was determined 
in a standard manner (11). Respiratory rates are expressed as 
microliters of oxygen taken up per hour and per milligram dry 
weight (Qo,). A solution containing the inorganic components 
of the synthetic growth medium (7), except for ammonium sul- 
fate which was replaced by an equimolar amount of potassium 
sulfate, served as buffer. The final concentration of the salts 
in the Warburg vessels was equal to that in the growth medium. 
Substrates were commercial preparations except as follows: 
pyruvic aldehyde (methylglyoxal), technical grade, (30 per cent), 
(The Matheson Company, East Rutherford, N. J.) was distilled 
twice and a fraction collected between 103 and 105°. The prod- 
uct was diluted with water, neutralized to pH 7 with sodium hy- 
droxide, and assayed by the method of Schroeder and Wood- 
ward (12). Acetol (monohydroxyacetone) was prepared from 
commercial acetylmethyl-acetate by the method of Urion (13). 
pL-Lactic aldehyde was the generous gift of Dr. F. W. Leaver. 

Radioactive Compounds—v.-Glycerol-1-C™" was synthesized 
by the method of Gidez and Karnovsky (14) and the pure en- 
antiomorphic p-glycerol-1-C" by the method of Karnovsky, 
Hauser, and Elwyn (15). Glucose-6-C™ was obtained from Dr. 
H. 8. Isbell of the National Bureau of Standards, Washington, 
D. C. Fructose-6-C" was prepared from glucose-6-C™ essen- 
tially as described by Hers, Edelman and Ginsburg (16). After 
addition of carrier fructose, the phenylosazone was formed 
from an aliquot of the solution and degraded with periodate 
(17). The fructose contained 94 per cent of the radioactivity 
in Carbon 6. About 9 per cent of glucose was converted to fruc- 
tose by this procedure. 

Preparation of Labeled Rhamnolipide Samples—Cultures of 
P. aeruginosa were grown on synthetic media containing as sole 
carbon source, 1 per cent p-fructose-6-C™, 1 per cent p-glycerol- 
1-C™, 1 per cent glycerol with a trace amount of p-glucose-6-C™ 
(0.003 per cent), or 0.5 per cent pi-glycerol-1-C™, plus either 0.5 
per cent or 1 per cent pi-propanediol-1,2. The assay of the 
rhamnolipide produced, its isolation and hydrolysis, and the 
preparation of pure t-rhamnose were as reported previously 
(7, 9). 

Degradation of Rhamnose—The methods used for the degrada- 
tion of rhamnose have been reported earlier (9). Rhamnose 
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Fig. 1. Relative rates of respiration of glycerol-, glucose-, and 
fructose-grown suspensions of Pseudomonas aeruginosa on differ- 
ent substrates. Solid bars indicate the glycerol-grown cells; stip- 
pled bars, glucose-grown cells; striped bars, fructose-grown cells, 
and open bars, the maximal rate wherever it exceeded the initial 
rate. For each type of cell, the Qo, obtained with the substrate 
on which the cells were grown was taken as 100. A, glycerol; B, 
pyruvic aldehyde; C, fructose; D, dihydroxyacetone; EZ, glucose; 
F, glyceraldehyde; G, glyceric acid; H, lactic aldehyde; J, pyruvic 
acid; J, acetic acid; K, propanediol; and L, acetol. 


phenylosazone was purified by elution from a column of SiO, 
with increasingly polar mixtures of chloroform-ethylacetate 
and ethylacetate-methanol. The pure material usually ap- 
peared when the solvent was changed from the chloroform- 
ethylacetate (1:1) to ethylacetate alone.’ Radioactivity assays 
were carried out on barium carbonate, dimedone derivatives, 
phenylosazones, 3,5-dichlorophenylhydrazones, and iodoform, 
as previously described (9). 


RESULTS 

Oxidative Ability of Resting Cells—Endogenous respiration 
of resting cells of P. aeruginosa has been found to function nor- 
mally in the presence of added substrate (18). Cells grown for 
26 hours on glucose, fructose or glycerol had initial Qo. values 
of 25, 9 and 28, respectively; in older glycerol-grown cells the 
endogenous rate was reduced to two-thirds of that obtained with 
young cells. Both respiratory rate and total oxygen consump- 
tion were quite high despite the absence of added oxidizable 
substrate, and the results obtained in the presence of such sub- 
strates have been suitably corrected. 

Resting cells of P. aeruginosa grown on glycerol, glucose, or 
fructose oxidized various substrates as indicated in Fig. 1. They 
attacked that compound which was present during growth most 
readily. Representative Qo, values for glycerol oxidation by 
glycerol-grown cells, glucose oxidation by glucose-grown cells, 
and fructose oxidation by fructose-grown cells were 91, 119 and 
69, respectively. The oxidation rate for compounds other than 
those on which the culture was grown was appreciably lower 
than for the substrate used during growth, although the maximal 


1 We are greatly indebted to Dr. Roger Jeanloz for the details 
of this method. 
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rate reached after a period of adaptation was often much higher 
than the initial rate. Glycerol-grown cells oxidized glucose 
and fructose relatively poorly; glucose-grown cells attacked 
fructose only slowly. Dihydroxyacetone and acetol were not 
attacked. It is perhaps significant that pyruvic aldehyde was 
an excellent substrate for cells grown on fructose or glycerol, 
which were the two compounds able to serve as sole carbon source 
for rhamnolipide formation (9). When glycerol-grown cells 
were used, lactic aldehyde, glyceric acid, and pyruvic acid were 
oxidized readily. Propanediol was oxidized after a brief lag 
period at a maximal rate equal to about half that of glycerol. 
The rate of oxygen uptake was the same whether p-, L- or DL- 
propanediol was used. Total oxygen uptake by 26 hour glycerol- 
grown cells during 2 hours amounted to 70, 78, and 57 per cent 
of the theoretical maximum for glucose, acetate and pyruvate, 
respectively. These figures compare well with those obtained 
by other workers (18, 19) using glucose-grown cells. 

Since rhamnolipide is produced only by cultures in the maximal 
stationary phase (7), the ability of resting cells, grown on glyc- 
erol media for 26, 72, and 120 hours, to oxidize several substrates 
was determined (Fig. 2). In addition to the substrates shown, 
allylaleohol, fructose and dihydroxyacetone were used. All 
substrates were attacked at a markedly decreased rate by older 
cells in comparison with young cells, although no significant 
difference was noted between cells of 3 and 5 day-old cultures. 
The oxidation of pyruvate was least affected. In older cells 
the initial rate of oxygen consumption with acetate as substrate 
dropped to 10 per cent of the value obtained with 26 hour cells. 
This is in agreement with the finding of Campbell et al. (20) that 
cells harvested after 4 days’ growth in an aerated liquid medium 
had almost completely lost their ability to oxidize acetate. 

Rhamnolipide Formation from Propanediol—In preparation 
for experiments with mixtures of pL-propanediol-1 ,2 and labeled 
glycerol, it was necessary to establish that the presence of pro- 
panediol does not abolish rhamnolipide production in cultures 
growing on a glycerol-containing medium. In cultures where 
either mixtures of propanediol and glycerol (approximately 2:1 
or 1:1; total carbon source 1 per cent) or propanediol alone (0.5, 
1, or 2 per cent) served as sole source of carbon, the assay for 
rhamnolipide (7) gave results comparable to those obtained 
with media from glycerol-grown cultures. In order to establish 
that the measurements indeed represent rhamnolipide rather 
than free rhamnose or an artifact due to the presence of pro- 
panediol, rhamnolipide from a medium in which P. aeruginosa 
had been growing on 2 per cent propanediol for 5 days was 
determined spectrophotometrically (7) and isolated after the 
addition of an ethanolic solution of previously prepared radio- 
active rhamnolipide (9). The product was crystallized to con- 
stant activity. This isotope dilution technique demonstrated 
that rhamnolipide was formed from propanediol and that no 
interference with the spectrophotometric assay was evident 
(Table I). 

Experiments to determine the proportion of rhamnose carbon 
contributed by propanediol when mixtures of this compound 
and glycerol served as substrate were carried out by growing 
P. aeruginosa cultures on 0.5 per cent pi-glycerol-1-C“ -0.5 
per cent propanediol and 0.5 per cent pi-glycerol-1-C" -1 per cent 
propanediol. Rhamnolipide was isolated and the radioactivity 
of the rhamnose moiety determined. In both cases the specific 
activity of rhamnose carbon was 90 per cent or more of the specific 
activity of the total carbon of the medium (Table II). 
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Fic. 2. Influence of the age of cells on the oxidation of selected 
substrates. Cells were harvested after growth on glycerol for 26 
hours (dashed lines), 72 hours (dotted lines) or 120 hours (solid 
lines). Each flask contained 12 watoms of substrate carbon. A, 
glycerol; B, pyruvic aldehyde (methylglyoxal); C, acetate; D, 
glucose; E, propanediol; and F, pyruvate. All results were nor- 
malized to 10 mg., dry weight of cells per flask. 


TABLE I 


Proof of rhamnolipide formation from propanediol 








| 
| Rhamnolipide 
-“— | mg. | ¢.p.m./mmole 
Added (labeled)............... ---| 30.0 144,000 
Produced: | 
(a) Spectrophotometric assay... . : 8.33 (112,700)* 
(b) Isotope dilution assay...... 1 4@:38)* 113,000 





* Calculated values. 


TaB_e II 
Rhamnose formation from propanediol and glycerol 





| 
ee of | Specific activity 


| 
| 


a 


7 ae er oe oe pe ee 











% total carbon c.p.m./mmole 





Glycerol carbon. ...... .....| 44 | 29° | 68,400 | 68,400 
Propanediol carbon..... coy ROY 0 0 

Total carbon.............-.-| 100 | 100 | 30,000 | 20,000 
Rhamnose carbon............ 27,900 | 17,600 








Isotope Patterns of Rhamnose—Rhamnose from these isotopic 
experiments was degraded to permit comparison of the upper 
and lower halves of the sugar. In Table III the distribution 
of activity in rhamnose formed from pi-glycerol-1-C™ alone 
is compared with results from the two experiments with pro- 
panediol. In all three cases half of the activity was located in 
C-1 to C-3 and half in C-4 to C-6. 
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When p-glycerol-1-C™ was used as carbon source, 87 per cent 
of the radioactivity in the rhamnose molecule was located in 
Carbons | and 6, and virtually equal amounts of activity were 
found in each of these two carbon atoms (Table IV). 

Although it has previously been shown that when P. aeru- 
ginosa is grown in a glucose-containing medium no appreciable 
amounts of rhamnolipide are produced (7), glucose carbon is 
incorporated into rhamnolipide carbon when glucose is added 
to a culture growing on 1 per cent glycerol during the period 
of maximal production. 3 mg. of p-glucose-6-C™ containing 7 
uc. of activity were added to each of two 100 ml. cultures 65 
hours after inoculation. 20 to 25 per cent of the activity was 
incorporated into rhamnolipide. The isotopic pattern of rham- 
nose showed that the label had been randomized between C-1 
and C-6, although C-1 contained only 73 per cent as much ac- 
tivity as C-6 (Table IV). 

When p-fructose-6-C™ served as sole carbon source about 10 
per cent of the radioactivity appeared in rhamnolipide. How- 
ever, degradation of the rhamnose moiety revealed results 
markedly different from those obtained in the experiments with 
p-glucose-6-C™. 83 per cent of the radioactivity was located 
in C-6 of rhamnose, which represented 88 per cent retention 
of the fructose label in C-6 of the sugar (Table IV). Only 6 
per cent of the radioactivity appeared in the upper half of 
rhamnose. 


TaBLe III 


Disposition of radioactivity in L-rhamnose formed from vu-glycerol- 
1-C™, with and without pu-propanediol 




















0.5% glycerol, 0.5% glycerol, 
Rhamnose carbon number 1% glycerol 0.5% A 

| propanediol propanediol 

— |——_—_—_—— Gnes 
1+2+3 50* 48 53 
4 24 24 23 
5 +6 25 | 27 23 
Carbons-1 to 6 99 99 99 











rhamnose molecule. 


TABLE IV 


Distribution of C' in rhamnose formed from 
different labeled carbon sources 














Rhamnose carbon number > 

Radioactive substrates* + —< =- 

a} 2 | 3 | 4} 5} 68° 

sieht Pic .o % | % % 9% % % | % 
pi-Glycerol-1-C™.............. | 25] 4 | 25] 24) 4| 21 | 103 
p-Glycerol-1-C™................ |42) 3 | 3| 3] 3| 45) 99 
p-Glucose-6-C*. .......... ...|385} 3 | 3] 5] 2] 48] 96 
p-Fructose-6-C"f............... | | 6 | | 1] 10) 83 | 100 








* All substrates mentioned served as sole carbon source except 
for p-glucose-6-C' which was present in trace amounts with 1 
per cent unlabeled glycerol (See ‘‘Experimental”’ section). Val- 
ues given are percentages of radioactivity in the rhamnose mole- 
cule. 

t This substrate contained 94 per cent of its activity in C-6. 
The activity for the top three carbons is given as C-1 + 2 + 3. 
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DISCUSSION 


Glycerol can furnish all the carbon for rhamnose synthesis in 
P. aeruginosa, and propanediol has now been shown to serve 
similarly as sole precursor of rhamnose. The relative efficiency 
of these two compounds in contributing rhamnose carbon was 
tested by growing cultures on mixtures of propanediol and labeled 
glycerol and comparing the average specific activity of the carbon 
atoms of the resulting rhamnose with the average specific 
activity of the total carbon in the medium. Equal incorporation 
of 3-carbon intermediates formed from glycerol and from pro- 
panediol into rhamnose would cause these specific activities 
to be equal. The finding that they were not appreciably different 
from each other indicated that glycerol and propanediol con- 
tributed carbon to the sugar to the same extent as to the total 
carbon of the medium, i.e. neither substrate was used prefer- 
entially for rhamnose synthesis. The results further suggested 
that these two carbon sources might have common metabolites. 

These data, however, supplied no information as to whether 
propanediol, after conversion to another 3-carbon compound 
containing a preformed methyl group (such as lactic or pyruvic 
aldehyde), might have been directly incorporated into the 
lower half of the methylpentose, whereas glycerol furnished 
primarily the top three carbons under the experimental condi- 
tions utilized. This possibility, which is not incompatible 
with the conclusions drawn from the average specific activity 
of rhamnose carbon, would have resulted in a greater dilution 
of the radioactivity in C-4, C-5, and C-6 than in C-1, C-2, and 
C-3. No such unequal dilution of radioactivity occurred, how- 
ever, even where propanediol furnished 71 per cent of the sub- 
strate carbon. The fact that both glycerol and propanediol 
can be converted to precursors of the two halves of the sugar 
equally well emphasizes the close connection between the path- 
ways followed by these two compounds in this organism, and 
suggests that they are rapidly equilibrated through a common 
metabolic intermediate. 

Although the nature of the intermediates remains conjectural, 
the experiment with p-glycerol-1-C“ eliminates one type of 
compound. The ability of biological systems to metabolize 
chemically symmetrical compounds like glycerol in such a man- 
ner as to retain the uniqueness of the identical groups has re- 
ceived attention (15, 21-23). When rat liver slices were in- 
cubated with the pure, chemically synthesized enantiomorphs 
of glycerol-1-C™, the glucose formed was shown to be labeled 
in two distinct patterns. When t-glycerol-1-C™ was the sub- 
strate, the glucose formed was labeled predominantly in C-3 and 
C-4; with p-glycerol-1-C™ the label was essentially in C-1 and 
C-6 (15). The results in the case of rhamnose biosynthesis are 
quite similar (Table IV); despite a small amount of randomiza- 
tion of the label, the major pathway from glycerol to rhamnose 
does not include intermediates of the type in which the unique- 
ness of the primary carbinol group of glycerol is lost. A com- 
pound in which these groups have become sterically equivalent 
can therefore not be involved. 

This virtual absence of biologically symmetrical fragments 
in the synthesis of the rhamnose carbon skeleton is further 
indicated by the very low activity in C-3 and C-4 of the methyl- 
pentose when glucose-6-C™ was used as substrate. This experi- 
ment also makes it appear that although glucose may have 
given rise to two 3-carbon units these units did not equilibrate 
completely, since appreciably less activity was contained in 
C-1 of the product than in C-6 (cf. 22, 24). 
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Further, the conversion of fructose-6-C“ to rhamnose-6-C" 
suggests a pathway involving cleavage of the fructose carbon 
chain to two triose units and subsequent recombination of these 
units without appreciable interconversion. No direct evidence 
as to their nature is available. In the case of fructose, an al- 
ternative pathway might be its direct conversion to rhamnose, 
possibly by way of free or phosphorylated rhamnulose without 
rupture of the carbon chain. Such a transformation would 
necessitate epimerization reactions at C-3, C-4, and C-5, as well 
as reduction of the hydroxyl group at C-6, and does not seem 
likely. The disparity between the results obtained with glucose- 
6-C™ and, under somewhat different conditions, with fructose- 
6-C™ indicates fundamental differences in the metabolism of 
these two sugars in P. aeruginosa. 

It may be relevant that in studies on the biosynthesis of 
another methylpentose, i.e. the .L-fucose component of the 
polysaccharide from Aerobacter species, Heath and Roseman 
(25) found that when p-glucose-6-C™ constituted the sole 
source of carbon more than 95 per cent of the radioactivity 
of L-fucose was located in C-6. Segal and Topper (26) in similar 
studies of the origin of t-fucose using glucose-1-C™ and glucose- 
6-C™ reported some randomization of the label between C-1 
and C-6 of t-fucose, the extent depending on the length of in- 
cubation. However, the distribution of radioactivity in the 
carbons of the methylpentose was similar to that in the carbons 
of the glucose isolated from the medium at the end of the incuba- 
tion period. In the glucose constituent of the extracellular 
type-specific polysaccharide from Klebsiella aerogenes, Wilkinson 
(27), using the same substrates, also observed randomization 
to an extent of about 30 per cent. The fucose and glucose iso- 
lated from the polysaccharide were found to have identical 
labeling patterns. The inferences with respect to possible inter- 
mediates involved in all of these experiments are identical with 
those drawn from our studies with p-fructose-6-C™, but different 
from those with p-glucose-6-C™ in the presence of glycerol. 

The rapid oxidation of lactic aldehyde and pyruvic aldehyde 
by resting cells and the failure of these cells to attack dihy- 
droxyacetone or acetol, all of which are conceivable intermediates 
in rhamnose biosynthesis, are of particular interest. Two of 
these compounds could condense, possibly in their phosphorylated 
form under the influence of an aldolase specifically favoring the 
t-threo configuration about C-3 and C-4, to give the rhamnose 
carbon skeleton. To date it has, however, not been possible to 
detect such an enzyme in cell-free sonicates of P. aeruginosa. 
There is, however, a very active diphosphopyridine nucleotide- 
linked dehydrogenase in crude sonic extracts able to attack 
propanediol. The product of this reaction must be either lactic 
aldehyde or acetol, and experiments to establish its nature are 
in progress. It is notable that glycerol does not reduce diphos- 
phopyridine nucleotide under these conditions. However, 
the evidence from isotopic experiments with propanediol and 
labeled glycerol, which was cited above, shows no preferential 
incorporation of propanediol carbon into the lower half of rham- 
nose which might be expected to occur if either of the two pos- 
sible immediate dehydrogenation products of propanediol is an 
immediate precursor of t-rhamnose. Thus, although the nature 
of the 3-carbon units derived from glycerol, propanediol, glucose, 
and fructose which are intermediates in rhamnose biosynthesis 
remains unclear, the experiments reported indicate some of 
the relationships that exist between them. 
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SUMMARY 


Resting cells of Pseudomonas aeruginosa were studied with 
respect to their ability to oxidize such possible intermediates in 
the biosynthesis of t-rhamnose as pyruvic aldehyde, lactic alde- 
hyde, acetol, propanediol and dihydroxyacetone. 

This organism has been shown to synthesize a rhamnolipide 
from glycerol, fructose, or propanediol as the sole carbon source. 
The labeling pattern of the t-rhamnose moiety isolated from 
the rhamnolipide formed from different carbon sources has 
been determined. When mixtures of pt-glycerol-1-C™ and 
pL-propanediol-1,2 were used, the distribution of label in 
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rhamnose was identical with that found using pi-glycerol-1-C™ 
alone, i.e. virtually equal amounts of activity appeared in C-1, 
C-3, C-4, and C-6. The substrates in these mixtures contributed 
equally to rhamnose carbon. 

The use of the p-enantiomorph of glycerol-1-C" as substrate 
yielded rhamnose labeled equally in C-1 and C-6. When p-fruc- 
tose-6-C™ was the carbon source, rhamnose was labeled almost 
exclusively in C-6. Trace amounts of p-glucose-6-C™ added to 
glycerol media yielded rhamnose unequally labeled in C-1 and 
C-6. Implications of these findings with respect to the bio- 
synthesis of rhamnose are discussed. 
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The Metabolism of Pyruvate in the Tricarboxylic Acid Cycle* 
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Pyruvate is a branch point (1) in the catabolic sequence of 
glucose since it has several different metabolic pathways avail- 
able. It is significant, however, that pyruvate can enter one of 
these routes, the tricarboxylic acid (TCA!) cycle, in two different 
ways by condensation with CO, to form a dicarboxylic acid, or 
by oxidative decarboxylation to acetyl CoA. Pyruvate en- 
tering the TCA cycle as a dicarboxylic acid yields a net increase 
in the mass of cycle intermediates, and permits their use in 
synthesis. Pyruvate entering as acetyl CoA provides no net 
increase in intermediates and permits use of the TCA cycle for 
energy purposes only. 

The relative proportion of pyruvate entering the TCA cycle 
by these routes has been estimated in this study by injecting 
pL-alanine-2-C™ into rats and determining the relative radio- 
activity of the individual carbon atoms of L-glutamic acid 
isolated from liver and tumor. It was found that the nutritional 
state of the animal markedly directed the pathway chosen in the 
livers and in subcutaneous Murphy-Sturm lymphosarcomas of 
fed and fasted animals. 


EXPERIMENTAL 


Adult Sprague-Dawley rats were used. Animals L, 8, and 
ST were fasted 40 hours before injection. Animal F was 
fasted 40 hours, and then given 2.5 gm. of glucose by stomach 
tube 30 minutes before injection. Animal FT was fed ad libitum 
and given 2.5 gm. of glucose by stomach tube 30 minutes before 
injection. Rats ST and FT were implanted with Murphy- 
Sturm lymphosarcoma subcutaneously 7 days before the experi- 
ment. 

pL-Alanine-2-C™ (Isotope Specialties Co.), with a specific ac- 
tivity of 1 me. per mmole was injected intraperitoneally in 
a dose of 0.1 me. per kilo of rat. 

Each animal after injection was kept in a glass jar through 
which air was slowly passed. At the end of 1 hour, the rat was 
killed by cervical dislocation, livers and tumors quickly removed, 
homogenized in 1 n HCl for 30 seconds in a Waring Blendor, and 
appropriately diluted with HCl to make a final volume which 


* This investigation was supported in part by a research grant 
(C-3141) from the National Institutes of Health, United States 
Public Health Service. 

t Submitted in partial fulfillment of the requirements for the 
degree of Doctor of Philosophy of the Faculty of Pure Science of 
Columbia University, New York. This work was done in part 
during the tenure of a Fellowship of the National Cancer Institute, 
National Institutes of Health, United States Public Health Serv- 
ice. 

! The abbreviations used are: TCA, tricarboxylic acid; AKG, 
a-ketoglutaric acid; PEP, phosphoenolpyruvie acid; OAA, ox- 
alacetic acid; CoA, coenzyme A. 


was 20 times the original volume of tissue and was 6 N in HCl. 
Tissues were hydrolyzed by refluxing for 18 hours, humin was 
precipitated by phosphotungstic acid (2), and the solution was 
filtered and concentrated to 30 ml. in vacuo. The concentrate 
was washed with five 20 ml. portions of amyl alcohol, the residual 
amyl alcohol removed from the concentrate by washing with 
ethyl ether, the aqueous solution evaporated in vacuo to a 
brownish glass, and placed in a vacuum dessicator over sodium 
hydroxide overnight. The residue was dissolved in 100 ml. of 
distilled water, stirred with a small amount of charcoal for 0.5 
hour, and filtered, yielding a clear colorless solution. This 
was placed on a column 25 X 2 cm. made up of Dowex-1 resin 
in the acetate cycle (3) cross-linked 10 times. After slowly 
loading the column and washing it with distilled water until the 
eluate was ninhydrin negative, glutamic and aspartic acids were 
eluted separately by 0.5 N acetic acid. Glutamic acid hydro- 
chloride was isolated by passing HCl gas through the effluent 
after addition of an appropriate amount of nonradioactive 
glutamic acid and concentration to a small volume. The crystals 
were dissolved in a minimal volume of water and precipitated by 
HCl gas to constant activity. The glutamic acid was degraded 
by the procedure of Mosbach et al. (4), as modified by Koeppe 
and Hill (5). For total activity, a sample of glutamic acid was 
converted to CO. by dry combustion (6), and collected as 
barium carbonate. All barium carbonate samples were washed, 
dried, and plated at infinite thickness on Teflon planchets having 
a sample area of 1 sq. cm. and counted in a Tracerlab gas flow 
counter using a Berkley decimal scaler. Counting was con- 
tinued until an accuracy of within 3 per cent was obtained in all 
samples except carbon 4 of the liver glutamate of $, ST, F, and 
FT which had very low activity. The results in Tables II and 
III are expressed as percentage of the total radioactivity calcu- 
lated from total dry combustion of glutamic acid. 


RESULTS AND DISCUSSION 


In Table I are seen the labeling patterns expected in TCA 
intermediates after introduction of isotope in the following 
fashions: 

1. Column A by oxidative decarboxylation of pyruvate-2-C™ 
to acetyl-1-C™ CoA. 

2. Column B by conversion of dicarboxylic acids of the 
TCA cycle labeled in the central carbons to OAA or PEP with 
subsequent conversion to acetyl CoA which then will be radio- 
active in Position 2. 

3. Column C by conversion of pyruvate-2-C™ plus CO, to a 
dicarboxylic acid radioactive in Position 2. 

4. Column D by conversion of pyruvate plus C™Q, to a 
dicarboxylic acid labeled in Position 4. 
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TaBLeE I 


Theoretical isotope distribution in TCA intermediates after intro- 
duction of radioactive compounds with arbitrary activity of 10 
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4 COOH | 5| 5| 5| 2.5 3.8] 5) (2.51.3 
ae ee i eas I 








These theoretical patterns correspond quite well to those 
experimentally found in glutamic acid after administration of 
acetyl-1-C™ (5, 7-11), acetyl-2-C™ (9-11, 13), NaHCO; (5, 12), 
and pyruvate-2-C" (14). 

In accordance with Table I, one would expect the following: 

1. Carbon 5 labeling in glutamate would occur by the con- 
version of pyruvate-2-C™ to acetyl-1-C™ CoA. 

2. Carbon 4 labeling in glutamate would occur by the 
conversion of dicarboxylic acids to acetyl CoA. 

3. Carbons 3 and 2 of glutamate would result from conversion 
of pyruvate to dicarboxylic acids via CO: fixation. 

4. Carbon 1 of glutamate would be labeled by the mecha- 
nism labeling carbons 2 and 3. It would be labeled also by 
oxidative decarboxylation of pyruvate to an extent not greater 
than one-half that of carbon 5. 

It should be possible, therefore, to determine the pathway 
chosen by pyruvate for entrance into the TCA cycle from the 
relative radioactivity of the carbons of glutamic acid. 

Livers of Fasted Animals—The radioactivity of carbon 4 of 
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the t-glutamic acid of the livers of fasted rats (L, 8, and ST, 
Table II) is insignificant, indicating that there is negligable 
conversion of the OAA synthesized de novo to acetyl CoA. 
Since it has been previously indicated that carbon 4 would be 
most heavily labeled by this conversion, labeling of the other 
carbons of glutamate by methyl-labeled acetyl is eliminated. 
Although enzymatic decarboxylation of OAA incubated with 
tissues is rapid, apparently the OAA formed in the course of the 
TCA cycle has surprising stability over the 1 hour of time used. 

Carbon 5 of the glutamate isolated from the livers of fasted 
rats (ST and L, Table II) contains about 3 per cent of the total 
label in glutamate. Since carbon 4 labeling is vanishingly 
small, this carbon 5 radioactivity is taken as a measure of the 
conversion of pyruvate to active acetate, and this latter must 
also be small. Carbons 2 and 3 are a measure of the conversion 
of pyruvate to a dicarboxylic acid, and in the glutamate from 
livers of fasted rats (L, 8, and ST, Table II), over 80 per cent of 
the total radioactivity resides in these carbons. Carbon 1 
becomes radioactive by both the mechanisms that label carbons 
5 and 3. It has previously been noted that when pyruvate-2-C™ 
is oxidatively decarboxylated to acetyl-1-C™ CoA, both carbons 1 
and 5 become radioactive but the activity of carbon 1 will not 
exceed one-half that of carbon 5. In the glutamate from the 
livers of fasted rats, since carbon 5 accounts for from 3 to 4 per 
cent of the total activity, carbon 1 activity by the acetyl CoA 
formation mechanism will not exceed 2 per cent. The bulk of 
the radioactivity in carbon 1, therefore, results from dicarboxylic 
acid synthesis. The marked difference in specific activity among 
carbons 1, 2, and 3 may, in part, result from the presence of 
pools of intermediates, but is probably chiefly a result of averag- 
ing the radioactivity of molecules which have been active in the 
TCA cycle for varying lengths of time. It suggests that a 
considerable portion of the AKG had not completed one revolu- 
tion of the TCA cycle at the time when the AKG was trans- 
aminated to glutamate. 

Livers of Fed Animals—The primary effect of feeding glucose 
(F and FT, Table II) is the marked increase in the proportion of 
radioactivity found in carbon 5 of glutamate, and the somewhat 
smaller increase found in carbon 1. 

The data in Table II under F are derived from the degrada- 
tion of liver glutamate of an animal fasted for 40 hours, and 
then given 2.5 gm. of glucose by stomach tube, 30 minutes before 
injection of alanine-2-C". The data in Table II under FT are 


TaB_e II 


Relative activity of individual carbon atoms of 
glutamic acid of liver 
activity of individual carbon 


————=- 100 


Percentage activity = — - - 
activity of total combustion X 5 


Carbon No. | 


Rat L Rat $ Rat ST Rat F Rat FT 

1 6.2 7.7 14.2 15.3 20.5 
2 ) 27.5 25.3 18.1 2.3 
3 > 90.8* 56.3 H.2 40.7 19.2 
4 } 0.8 0 1.1 2.0 
5 3.0 3.1 3.9 20.3 40.4 
Sum 95.4 97.6 95.5 4 


* By difference. 
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derived from the degradation of glutamic acid of the liver of a 
tumor-bearing rat which had been fed ad libitum and then 
given 2.5 gm. of glucose 30 minutes before the injection of 
alanine-2-C™. 

Two effects may account for the difference of labeling of 
carbon 5 of glutamate. Animal FT may be presumed to have 
had adequate levels of liver glycogen and so the administered 
dose of glucose was far in excess of needs. In Rat F, starvation 
had depleted liver glycogen, and carbohydrate, even in large 
doses, was not in excess but was undoubtedly utilized in part 
for glycogenesis. In addition, since the liver of Rat FT was 
obtained from a tumor-bearing animal, a host effect may have 
played an additional role. The importance of the conjectural 
host tumor interrelationship cannot be evaluated here since the 
comparable data are not available. It is noteworthy that the 
considerable labeling of carbons 2 and 3 in both F and FT 
testifies to the continuing need for dicarboxylic acid synthesis in 
the liver. 

Tumor—The most striking finding in the tumor study is the 
significant activity of carbon 4 in both the fasted and fed states 
(Table III). Labeling in carbon 4 can be accounted for in the 
following ways: (a) Two successive decarboxylations of OAA 
containing isotope in Position 3, or (b) the hexose monophosphate 
shunt, or (c) the isocitritase reaction. The hexose monophos- 
phate shunt route is, of course, possible but is rather unlikely 
to affect the results of the present experiment since extensive 
dilution by all the sugars present in the cell would be expected, 
and the short time interval chosen for study would further 
minimize this rather long circuiting. The isocitritase reaction 
has thus far not been observed in animal tissue. The most 
reasonable explanation of the labeling in carbon 4 of AKG, 
therefore, is that OAA-2, 3-C™ produced by the TCA cycle has 
been decarboxylated to pyruvate-2, 3-C™ which in turn, has 
formed totally labeled acetyl CoA. It appears likely that OAA 
has less stability in the tumor than in the liver, and is more 
readily decarboxylated there. 

The relatively heavy carbon 5 label in tumors is in part 
related to the label in Position 4. It was previously shown that 
there is equal labeling of all OAA carbons by the second turn 
of the TCA cycle. Two decarboxylations of this OAA would 
lead to acetyl CoA with the same level of radioactivity in each 
carbon, and condensation of this acetyl CoA with the OAA 
from which it was produced would lead to AKG and glutamate 
equally labeled in carbons 4 and 5. Under these conditions, 


TaBLe III 


Relative activity of individual carbon atoms 
of glutamic acid of tumor 








activity of individual carbon 
activity of total combustion X 5 





Percentage activity = 














Carbon No. 
} Rat ST | Rat FT 
ve | oer cent Ye oT ae per cont , " 
1 | 19.8 | 23.9 
2 14.1 8.6 
3 33.9 18.8 
4 | 9.0 74 
5 | 21.0 | 40.2 
Sum 97.8 | 99.2 
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AKG and glutamate would be produced in which the labeling 
in carbon 4 is equal to that portion of the labeling of carbon 5 
of glutamate due to the double decarboxylation of OAA. Thus 
if we deduct the activity of carbon 4 from that of carbon 5 we 
still find excess activity of carbon 5 in the glutamate of tumors, 
indicating a comparatively great utilization of pyruvate by 
decarboxylation to acetyl CoA. That carbon 5 of glutamate is 
well labeled in the tumors of well fed animals is analogous to the 
findings in liver, and is readily interpreted to signify that pyru- 
vate in excess of that needed for dicarboxylic acid formation is 
being supplied by degradation of the fed glucose and, therefore, 
pyruvate is being decarboxylated to acetyl CoA. It is seen, 
however, that in the tumor glutamate of a fasting animal, 
carbon 5, even after correction for carbon 4 radioactivity, is 
moderately well labeled, implying utilization of considerable 
sugar for acetyl formation. Various interpretations of this 
state of affairs suggest themselves. If, as suggested by Busch 
(15), tumors tend to utilize blood amino acids and proteins rather 
than TCA intermediates for their required glutamic and aspartic 
acids, it may be suggested that dicarboxylic intermediates of 
the TCA cycle may be supplied by transamination of preformed 
amino acids. This would decrease the relative labeling of carbon 
2 and 3 of AKG, and thus, correspondingly increase the relative 
labeling of carbon 5. One could, on the other hand, suppose 
that tumors are not so subject to the regulatory processes which 
alter metabolic pathways in liver when the animal is fasted, and 
that they continue to consume glucose for acetyl CoA formation 
even when the animal is fasted. Tumors show a qualitative 
shift of labeling pattern of carbon 3 versus carbon 5 of glutamate 
similar to that of liver. If we assume that tumors, with their 
large energy requirements, are oxidizing maximally, fatty acids 
may fail to provide sufficient acetyl CoA, and the animal, there- 
fore, decarboxylates pyruvate to supplement its needs. Since 
the tumor has this obligatory energy requirement, it fails fully 
to respond to the process taking place in the liver which decreases 
pyruvate decarboxylation, and the tumor continues to use 
blood glucose for acetyl CoA formation. 

At branch points, where a substrate has the opportunity to 
follow more than one pathway, the results, in terms of body 
economy, of a shift in the route selected may be far reaching and 
vet the extent of utilization of this substrate may be unaltered. 
Pyruvate entering the TCA cycle as a dicarboxylic acid increases 
the availability of glutamate and aspartate for protein synthesis, 
and also increases the concentration of TCA cycle intermediates 
so that more acetyl CoA, whether from fat or carbohydrate, can 
be utilized, and more energy can be generated. On the other 
hand, with no change in the amount of pyruvate utilized, if the 
substrate is diverted from dicarboxylic acid synthesis to acetyl 
CoA formation, nonessential amino acids will be available for 
protein synthesis in reduced amounts, the concentration of 
TCA cycle intermediates will fall, the rate of condensation of 
acetyl CoA may decrease because of the nonavailability of OAA, 
and oxidatively generated energy production may decline. The 
factors then, in determining the pathway followed by pyruvate 
are of great consequence, and their effects can be inferred from 
the labeling patterns of glutamate. 


CONCLUSIONS 
1. In the fasted animal, carbohydrate is used by the liver 
tricarboxylie acid (TCA) cycle primarily as a source of dicar- 
boxylic acids rather than a source of acetyl coenzyme A. 
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2. In the fasted animal, the principal energy source for the 
liver is probably fat. Although the TCA cycle is labeled by a 
three carbon precursor, the label has entered as a dicarboxylic 
acid. 

3. In a rat given glucose, an appreciable amount of pyruvate 
entering the TCA cycle does so by decarboxylation to a two 
carbon fragment. 

4. In livers of fasted and fed rats only a minor proportion 
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of oxalacetic acid is decarboxylated to a two carbon fragment over 
a 1 hour period. 

5. In contrast to the findings in the liver, in the Murphy- 
Sturm sarcoma of the rat there is a significant production of a 
two carbon fragment from pyruvate, even in the fasted condition. 

6. In the Murphy-Sturm sarcoma of the rat, in both fasted 
and fed animals, there is significant decarboxylation of oxalacetic 
acid to a two carbon fragment. 
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Ungar, Freedman, and Shapiro (1) recently reported on their 
pharmacological studies, a new oral (nonsulfonylurea) hypo- 
glycemic drug of the biguanide class (N'-8-phenethylform- 
amidinyliminourea hydrochloride), hereafter referred to as 


DBI! The formula is as follows: 
NH ‘ 
= | | 
x DCH —CHN—C—N—C—NH—H1C 
| | 
H H 


Pomeranze, Fujiy, and Mouratoff (2) presented data showing 
that this drug can produce a significant decrease in blood sugar 
concentration in certain diabetic patients. The clinical effec- 
tiveness of the compound has been confirmed in a preliminary 
evaluation study by Krall and Camerini-Davalos (3), although 
it is realized by all concerned that extended study is necessary 
to prove the real value of this new drug for human diabetics. 

In order to investigate the mechanism by which DBI causes 
hypoglycemia, we have tested the effect of DBI on the oxidation 
of glucose, acetate, citrate, succinate, and fumarate, in vitro 
using rat epididymal adipose tissue. This tissue was chosen 
because it consistently responds to insulin (4). Since the results 
from the above experiments suggested a metabolic block in 
the citric acid cycle and in the area involving the oxidation of 
succinate, we examined the effect of DBI on the succinic oxidase 
and cytochrome oxidase enzyme systems. The results of these 
experiments are reported here. 


METHODS 


Procedure Used with Adipose Tissue—Nonfasted male rats 
(Sprague-Dawley) weighing approximately 200 gm. were de- 
capitated and exsanguinated. The pair of epididymal adipose 
tissues were quickly removed, trimmed of blood vessels, weighed, 
and deposited in flasks containing the incubation medium. Tis- 
sue weight ranged from 200 to 400 mg. after trimming. Paired 
tissues of equal weight from a given rat were used as a set, one 
the control tissue for the other. Incubation flasks (stoppered 
50-ml. Erlenmeyer flasks with a center well) contained 3 ml. 
of 0.01 m C-labeled substrate made up in a Krebs-Ringer- 
phosphate buffer (Ca++ omitted). The labeled substrates used 
and a comparison of the specific activities are presented in Table 


I. 


* This investigation was supported by a research grant from the 
Division of Research Grants and Fellowships of the National 
Institutes of Health, United States Public Health Service. 

1 This compound has been designated as DBI by U.S. Vitamin 
Corporation. We are indebted to them for supplies of this drug. 


The flasks were incubated at 37° in a Dubnoff metabolic 
shaking incubator for 3 hours with air as the gas phase. Respired 
CO:, trapped in 5 n NaOH contained in the center well, was 
precipitated as BaCO;. Sufficient carrier Nas,CO; was added 
to give a final BaCO; weight of approximately 120 mg. The 
radioactivity was determined at infinite thickness of BaCOy; 
in the proportional range in a gas flow counter. 

Preparation of Homogenate—10 gm. of fresh rat liver was 
minced with 50 ml. of ice water in a micro Waring Blendor, and 
the resulting liquid filtered through cheese cloth and centrifuged 
at 3° and 30,000 x g for 30 minutes. The supernatant was 
discarded and the solids resuspended in 50 ml. of ice water in the 
micro Waring Blendor and centrifuged at 3° and 17,000 x g 
for 40 minutes. The supernatant was discarded, the solids 
resuspended in ice water and the volume adjusted with water to 
provide a 10 per cent homogenate based on original wet tissue 
weight. 

Succinic Oxidase Assay—Succinic oxidase activities were 
determined using the procedures described by Umbreit et al. (5) 
with minor modifications. A 0.5 ml. volume of the 10 per cent 
homogenate was employed, and cytochrome c and aluminum ion 
were omitted except where their inclusion is noted. Calcium 
ion was omitted in our studies. Succinate was placed in a side 
arm and tipped in after temperature equilibration. No endoge- 
nous O, uptake by the homogenate was detectable in the absence 
of added substrate. 

Cytochrome Oxidase Assay—Cytochrome oxidase activities were 
determined by the method of Umbreit et al. (5) with the excep- 
tion that 0.5 ml. of 10 per cent homogenate was used and alumi- 
num ion was omitted except where specifically noted. 


RESULTS 


A summary of the effect of DBI on the oxidation of the C'- 
labeled substrates by adipose tissue is presented in Table II. 
It is apparent that this hypoglycemic agent, when tested at 
0.5 mg. per ml. (0.002 m), substantially depresses the oxidation 
of glucose, acetate, and succinate but has a much less intense 
inhibitory effect on the oxidation of citrate and fumarate. 
In Fig. 1 are data found which show that the inhibition of acetate 
oxidation is related to the concentration of DBI in the incubating 
fluid. For example, DBI at 6.75 x 10-° molar concentration 
produced a 30 per cent inhibition of acetate oxidation, whereas 
85 to 95 per cent inhibition was obtained at 8 x 10-* molar 
concentration. 

It is apparent from the data presented in Table III that 
DBI at 0.5 mg. per ml. significantly inhibits the uptake of 
oxygen by the rat liver succinic oxidase system when succinate 
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Tasie I 
Specific activity of substrates 





Specific Activity 




















Substrate | 
| “si Substrate 
ie c.p. ry c.p.m./mg. c.p.m./mmole 
Glucose (uniformly labeled) . 1 22,600 | 12,560 | 2.26 million 
Acetate-1-C™.............. 15,800 | 26,400 | 1.58 million 
Fumarate-1-C™....... "d 74,000 | 63,500 | 7.40 million 
Citrate-1,5-C™..... | 63,000 | 33,000 | 6.3 million 
Succinate-2-C™............. .| 67,000 56,500 | 6.67 million 
TaBLe II 


Effect of DBI on oxidation of C'4-labeled 
substrates by rat adipose tissue* 


A. N. Wick, E. R. Larson, and G. S. Serif 














P | | Number | Inhi- 
Substrate ccy Control DBI bition 
as eee eres 
| | 0.5 mg./ml. | % 
Glucose (uniformly oe ae 
labeled) 
mg. oxidized....... | 0.063 | 0.02 | 68 
mmoles oxidized... | 3.5 & 10-4 | 1.1 K 10-4 | 
Acetate-1-C'* 4 | | 
mg. oxidized......... | 0.056 | 0.013 77 
mmoles oxidized. . . | 9.3 X 10-* | 2.1 X 10-4 
Fumarate-1-C' a ee | | 
mg. oxidized..........| | 0.016 | 0.013 | 16 
mmoles oxidized. .... .| 1.3 XK 10-4 1.1 X 10-4 
Citrate-1,5-C™ hott | 
mg. oxidized..........| 0.027 | 0.026 3 
mmoles oxidized...... 1.39 X 10-4 1.34 X 10 
Succinate-2-C" | 3 
mg. oxidized.......... 0.032 0.017 48 
mmoles oxidized...... | 7 X 10-* | 1.4 X 10-4 














* Results expressed as total oxidation per gm. of tissue per 
hour. It is assumed that the release of each C' atom as CO, 
represents complete oxidation of the substrate molecule. 


is the substrate, but under comparable conditions employing 
ascorbate as the substrate, the oxygen uptake is not inhibited 
(Table IV). Inhibition of the succinic oxidase system as a 
function of DBI concentration is depicted in Fig. 1. 


DISCUSSION 


The studies in vitro with succinic oxidase (Table III) show 
positively that DBI exerts a blocking action at one of the events 
concerned with the conversion of succinate to fumarate. The 
following scheme illustrates the electron transfer pathway for 
this oxidation and indicates the point of entry of ascorbate: 


Succinate — Cytochrome b — “Factor” — Cytochrome c 
/ Cytochrome a 
Ascorbate 


Cytochrome oxidase 


O: 


Since DBI does not significantly inhibit electron transfer from 
ascorbate to molecular oxygen it would appear from this study 
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that the most sensitive site of inhibition is at a point between 
succinate and cytochrome c. This conclusion is not in complete 
agreement with that recently reported by Steiner and Williams 
(6). The observations of these authors suggest that the most 
likely site of inhibition is on cytochrome oxidase. Although 
our data indicate that the most sensitve site of action is before 
reduced cytochrome c, it does not preclude other sites of action 
which may be revealed when a higher concentration of the 
drug is used. 

The metabolic block described here in the electron transport 
scheme associated with the oxidation of succinate, correlates 
with the data obtained from the study of the effect of DBI on 
the labeled substrates presented in Table II. An inhibition in 
oxidation of glucose would result from a block at any step in its 
metabolism. The strong inhibition of the oxidation of carboxyl- 


100 


% INHIBITION 








|! 063 125 025 O5 i: 
mg DBI per mi INCUBATING FLUID 
Fic. 1. The effects of DBI concentration on (a) oxidation of 
0.01 M acetate-1-C'* by adipose tissue and (b) oxygen uptake by a 
liver succinic oxidase preparation using 0.01 m succinate. The 


open circles represent an average of four separate determinations 
at each DBI concentration for the adipose experiments. 








Tas.e III 
_ Effect of DBI on succinic oxidase system 
| Microliters O2: uptake in 30 minutes 
a a aS a ee, Inhibition 
| Control DBI 
z= 0. 5 mg. shal. % 
la 58 35 46 
59 | 29 
lb* 63 36 46 
58 | 30 
2a | 91 39 55 
| 85 | 41 
2bt 109 55 55 
126 50 
3 | 61 | 35 39 
| 52 | 34 








* Contained 1.32 X 10-* m MgSO, to test for possible Mg*+ 
effect. 


¢t Contained 8 X 10-5 m cytochrome c. 
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TaBLe IV 
Effect of DBI on cytochrome oxidase system 





| 
| 








O2 Uptake* 
Experiment No. | Inhibition 
Control DBI 
0.5 mg./ml. % 

1 152 137 
146 132 

2 188 196 —4 
189 196 

3t 129 107 14 
131 117 

4t S4 94 -9 
86 91 

Average = 3 














* Expressed as microliters in 30 minutes minus microliters in 
30 minutes owing to auto-oxidation of ascorbate. The addition 
of DBI to auto-oxidation controls caused no significant change 
in O, uptake as compared to auto-oxidation controls without 
DBI. 

1 The flasks of Experiments No. 3 and 4 contained 4 X 10™4 
M aluminum ion, and in Experiment 4, 0.5 ml. of a 1 per cent 
homogenate was used rather than a 10 per cent homogenate owing 
to a greater cytochrome oxidase activity in this preparation. 


labeled acetate is expected since the labeled carbon would not 
be released as CO, until the carbon redistribution occurred be- 
yond the succinate stage. On the other hand, DBI should and 
does exert only a slight inhibiting effect on the oxidation of 
fumarate-1-C™. This labeled carbon is released without passing 
through the block postulated at the succinate level. The inhibi- 
tory effect of DBI on citrate 1 ,5-C™ is somewhat less than first 
anticipated. No theoretical inhibition should be associated 
with the release of carbon 5 but the label on carbon 1 would 
have to pass the succinate block and be released as COs, in part, 
in its second trip through the Krebs cycle. An explanation of 
this result may be based on the possibility that the major pro- 
portion of the C™ activity obtained as CO: in the citrate study 
is derived from carbon 5. Beyond the point at which carbon 5 
is lost as COn, the radioactivity associated with carbon 1 may be 
diluted by a metabolic pool or diverted via another pathway 
so that it contributes very little to the production of COs. 


Site of Action of Phenethylbiguanide 
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It is apparent from the studies reported here that with respect 
to the oxidation of glucose in adipose tissue the action of this 
hypoglycemic agent is diametrically opposed to that of insulin. 
Thus, the current problem is one of explaining the hypoglycemic 
action of DBI in terms of its effect on known metabolic pathways. 
Williams et al. (7), and Tyberghein and Williams (8) have sug- 
gested that the hypoglycemia may be attributed to increased 
anaerobic glycolysis. They found that DBI caused an increase 
in glucose uptake, a decrease in glycogen storage, increased lactic 
acid production, and a decrease in oxygen uptake in their rat 
diaphragm studies in vitro. They also presented evidence 
suggesting that there is a decrease in gluconeogenesis in vivo. 
From the data presented in this paper, a possible correlation 
may be drawn between studies in vitro and clinical observations. 
The succinate block discussed here may produce an inhibition 
of the Pasteur effect. The resulting increase in glycolysis will 
provide a greater glucose utilization with a concomitant increase 
in lactate in all tissues to which DBI may gain access. It is 
suggested that the liver may be such a site of action. The 
biguanide may not, however, enter muscle cells of the extra- 
hepatic tissues and thus may fail to produce a similar effect in 
this tissue. The lactate produced in the liver then would be 
readily oxidized by the muscle cells (9). A mechanism such as 
this could result in a lowering of the blood sugar in diabetic 
patients. 


SUMMARY 


1. A hypoglycemic drug (N!-6-phenethylformamidinylimino- 
urea hydrochloride) has been evaluated in vitro with respect 
to its inhibitory action on the oxidation of C-labeled glucose, 
acetate, citrate, succinate, and fumarate. 

2. A site of action of the drug was shown to exist in the elec- 
tron transport system associated with the succinic oxidase of 
rat liver mitochondria. The demonstration that cytochrome 
oxidase is not inhibited by concentrations of this drug which 
produce a marked inhibitory effect on the total succinic oxidase 
system further localized the most sensitive point of action as be- 
tween succinic dehydrogenase and reduced cytochrome c. 

3. A possible correlation was drawn between the effects, in 
vitro, of N'-8-phenethylformamidinyliminourea hydrochloride 
and the clinical observation that the drug is an effective hypo- 
glycemic agent. 
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Previously, it was reported that two separate enzymes were 
present in Micrococcus lysodeikticus which could oxidize malic 
acid to oxalacetic acid (1,2). The first of these enzymes (malic 
dehydrogenase 1) was similar to mammalian malic dehydrogenase 
in its requirement for diphosphopyridine nucleotide (DPN)! and 
equilibrium of the reaction. The second enzyme (malic dehyro- 
genase II), however, was atypical. It did not require pyridine 
nucleotide and activity was demonstrated with the use of ferri- 
cyanide as electron acceptor. The previous observations of 
Krampitz et al. (3, 4) on the oxidation of fumarate by whole or 
acetone-dried preparations of 4. lysodeikticus led them to suggest 
that a “physiological oxalacetate” differing chemically from 
authentic oxalacetic acid might be produced by this micro- 
organism. 

Since the previous identification (2) of the oxalacetic acid pro- 
duced by malic dehydrogenase II was based on a fairly specific, 
but harsh chemical decarboxylation of the compound, a labile 
precursor or derivative of oxalacetic acid conceivably might have 
been disrupted by such treatment. 

In the present paper, conditions are described for the mild 
enzymatic assay of oxalacetic acid in which malic dehydrogenase 
II produced a compound which reacted in an identical manner 
to, and hence appeared to be identical with, authentic oxalacetic 
acid. In addition, a method is detailed for the further purifica- 
tion of malic dehydrogenase II and preliminary information is 
given on an unidentified factor which stimulated the enzymatic 
oxidation of malate. 


METHODS AND MATERIALS 


The methods used and the sources or preparation of most of 
the materials used were reported previously (2). 
and methods given below were also used: 

(1) Pig heart malic dehydrogenase was prepared by the method 
of Straub (5) and found to be essentially free of lactic dehydro- 
genase. Its activity was measured spectrophotometrically ac- 
cording to Mehler et al. (6) and was 29,000 units per mg. of pro- 
tein. 


The materials 


* This investigation was supported by Research Grant 1132- 
(C1), National Institute of Arthritis and Metabolic Diseases, 
United States Public Health Service. 

! The abbreviations used are: DPN, diphosphopyridine nucleo- 
tide; DPNH, reduced DPN; TPN, triphosphopyridine nucleotide; 
FAD, flavin adenine dinucleotide; FMN, flavin mononucleotide; 
Tris, tris (hydroxymethy!)aminomethane. 


(2) Lactic dehydrogenase was obtained as the crystalline prod- 
uct from Worthington Biochemical Corporation; it had a signifi- 
cant level of DPN malice dehydrogenase activity as a contam- 
inant. 

(3) Malic dehydrogenase II, 0 to 20 (NH4)2 SO, fraction was 
prepared as described previously (2). 

(4) FAD-X was prepared according to Huennekens (7) by ex- 
posing FAD on filter paper to NH; vapors after which the ma- 
terial was chromatographed and eluted. 

(5) DPNH. Either DPN was chemically reduced (2) or an 
enzymatically-reduced DPNH (Pabst) was employed. No dif- 
ference in behavior was noted. 

(6) Ca3(PO4)2 gel was prepared according to the method of 
Keilin and Hartree (8). All other chemicals not mentioned 
above or in reference (2) were obtained commercially and used 
without further processing. 

Growth of M. lysodeikticus—M. lysodeikticus was grown as re- 
ported previously except that the concentration of the ingredi- 
ents of the growth medium was increased by one-half and 1.5 
liters were shaken per 4 liter flask. 

Manometric Assay of Malic Dehydrogenase 11—The assay was 
performed in double side-arm Warburg flasks at 30° containing 
the following materials: Malate (side arm), 30 umoles; K;Fe- 
(CN)., 60 wmoles; NaHCOs, 260 umoles; enzyme, with or with- 
out additional factors, not above 500 units; and H;0O to give a 
final volume of 2.0 ml. The flasks were gassed 5 minutes with 
95 per cent Ne and 5 per cent CO: and equilibrated for 5 minutes 
at which time the malate was tipped in. After an additional 5 
minute equilibration period manometric readings were taken for 
20 minutes. 1 unit of enzymatic activity represented 0.001 
umole of malate oxidized per minute calculated from CO, evolu- 
tion over the 20 minute period of reaction. 

Spectrophotometric Measurement of Oxidation of Malate by 
Malic Dehydrogenase 1]—Occasionally, the oxidation of malate 
was measured spectrophotometrically at420 mu (Fe(CN) > band) 
under the following conditions: Malate, 30 umoles; Tris buffer, 
pH 8.0, 120 umoles; potassium ferricyanide, 0.5 to 2 umoles; and 
enzyme and HO to give a final volume of 3.0 ml. The reaction 
was performed in Beckman DU cuvettes with a 1 em. light path; 
the temperature was 30°. The rate of reaction was approxi- 
mately the same as that found in the manometric assay. 

Assay of Malic Dehydrogenase I—The conditions for spectro- 
photometric assay of this activity were given previously (2). 
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RESULTS 
Purification of Malic Dehydrogenase II from M. lysodeikticus 


All steps were carried out at 3-5° unless otherwise specified. 
Starting volume refers to the volume of enzyme initially used in 
the particular step under consideration. 

Step 1. Lysing of Cells—To an 8 to 10 per cent suspension of 
cells (Sharples wet weight/volume) in 0.067 m sodium phosphate 
buffer, pH 6.8, 0.005 m in Versene, was added 1 mg. of crystalline 
lysozyme per gm. of cells. The suspension was lysed for 2 hours 
at 30° with continuous gentle agitation at which time a slightly 
viscous, translucent lysate was obtained. The material was 
centrifuged at 20,000 r.p.m. (53,000 x g) and a clear yellow, 
active supernatant fluid was obtained; the centrifuged pellet was 
discarded. 

The presence of Versene during the procedure for lysis was es- 
sential for liberation of malic dehydrogenase II activity in a 
noncentrifugable form. When Versene was omitted, the ma- 
jority of the enzymatic activity was found in the centrifuged 
pellet and sonic vibration was required to release the activity (2). 
In addition, both the rate and extent of lysis by lysozyme was 
increased in the presence of Versene. 

Step 2. First Ammonium Sulfate Fractionation—The super- 
natant fluid of Step 1 was made 0.275 saturated with solid am- 
monium sulfate, stirred 1 hour and centrifuged. The super- 
natant solution was brought to 0.5 saturation, treated as above, 
and the precipitate was dissolved in 0.2 starting volume of water. 

Step 3. Nucleic Acid Precipitation—0.25 volume of 0.24 mM 
Tris buffer, pH 8.0, was added to the 0.275 to 0.50 ammonium 
sulfate fraction from above, foliowed by the dropwise addition 
with stirring of 0.05 volume of 1 m MnCl. The resulting sus- 
pension was stirred for 1 hour and then centrifuged. In order 
to remove excess Mn++ which would otherwise react with 
Fe(CN),*- in the enzymatic assay, the clear supernatant fluid was 
made 0.55 saturated with solid ammonium sulfate, stirred 1 hour 
and centrifuged. The precipitate containing the activity was 
suspended in 10 volumes of 0.7 saturated ammonium sulfate 


TABLE I 
Purification of malic dehydrogenase II of Micrococcus lysodeikticus 











| | | . 
| | Activated* — 
Fraction Volume | Protein | | Cele 3) - ery 
Total nits nits 
| Tae | perme | vere 
es ree sera Daas ern s Sa 
Step 1 | 2,300 | 18.4 | 3,590 | 195 | 102 
Step 2 | 505 | 6.70 | 2,120 | 317 | 179 
Step 3 | 213 | 4.26 | 1,480 | 347 | 226 
Step 4 | 203 | 1.42 | 820 | 578 | 165 
Step 5 _ 194 | 0.82 | 648 | 790] 269 
Step 6, Eluate 1 484 | 0.039 369 | 9,470 | 4,680 
Eluate 2 97 | - 57 | 4 
Eluate 3 ssi ft | | 
Step 7 63 | 0.018} 217 | 12,100 | 5,650 


| 








* Level of activator fraction sufficient to produce maximum 
effect. 

¢ Concentration of protein too low to be measured by routine 
analysis. 

¢ Estimated specific activity greater than 15,000 units per mg. 
protein. 
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(0.005 m in Versene) for 10 minutes and recentrifuged. The 
washed precipitate was then dissolved in 0.2 starting volume 
of 0.05 m NaCl (0.005 m Versene) and undissolved material 
was removed by centrifugation and discarded. By this proce- 
dure, the ratio of light absorption at 280 my to absorption at 260 
my was raised from 0.6 to 1.0 or greater. The protein concentra- 
tion preparatory to the next step was adjusted to 20 mg./ml. 

Step 4. Isoelectric Precipitation Procedure—The clear active 
solution from above was warmed to room temperature and by 
dropwise addition of 1 N acetic acid was adjusted to a predeter- 
mined pH in the range of 4.5 to 4.7 (glass electrode). For best 
results the proper pH had to be determined by trial for each batch 
of enzyme. Under the best conditions one-third of the protein 
and two-thirds of the activity would remain in solution. The 
acidified suspension was stirred in an ice bath for 15 minutes, 
centrifuged, and the supernatant solution immediately adjusted 
to neutrality with NaOH. The precipitate was dissolved in the 
starting volume of dilute NaOH or 0.024 m Tris buffer, pH 8.0, 
adjusted to pH 6.5, heated 5 minutes at 100°, and centrifuged 1 
hour at 105,000 x g. The resulting enzymatically inactive 
supernatant fluid was used as the activator fraction (see below). 

Step 5. Second Ammonium Sulfate Precipitation—To the ac- 
tive supernatant solution from the previous step was added 0.33 
volume of 0.2 m sodium acetate buffer, pH 5.0. The resulting 
solution was fractionated with solid ammonium sulfate between 
0.275 and 0.48 saturation as described under Step 2. The active 
precipitate was dissolved in 0.33 starting volume of 0.01 m sodium 
phosphate buffer, pH 7.4. 

Step 6. Absorption and Elution with Calcium Phosphate Gel— 
The protein concentration was adjusted to 4.25 mg./ml. with 
0.01 m sodium phosphate buffer, pH 7.4, and a suspension of 
calcium phosphate gel was added in an amount of approximately 
0.6 mg. dry weight of gel per mg. of protein. The optimal 
amount of gel varied and it was essential to test each batch of 
gel and enzyme before a large scale preparation was undertaken. 
It was found that only enough gel should be used to adsorb 90 
to 95 per cent of the enzymatic activity. At this level approxi- 
mately 90 per cent of the protein was not adsorbed. The gel 
was washed with 0.5 starting volume of 0.01 m phosphate buffer, 
pH 7.4, and after centrifugation the almost inactive supernatant 
solution was discarded. The gel was then eluted with 2.5 times 
starting volume of 0.05 m sodium phosphate buffer, pH 8.0, and 
with 0.5 and 0.25 starting volumes, respectively, of 0.2 m sodium 
phosphate, pH 8.0. 

Step 7. Third Ammonium Sulfate Precipitation—In order to 
concentrate the enzymatic activity, the combined gel eluates 
were made 0.55 saturated with solid ammonium sulfate, stirred 
1 hour, centrifuged, and the active precipitate was dissolved in 
0.1 starting volume of 0.01 m sodium phosphate buffer, pH 7.4. 

Table I lists the data for one such preparation in which 200 
gm. of cells were used. Specific activities are given for each en- 
zyme fraction alone as well as when in the presence of a saturat- 
ing level of activator fraction. The purification outlined 
amounted to approximately 60-fold whether or not activator 
was present in the assay system. However, the turnover of the 
Step 7 enzyme was more than twiceas great with activator present. 
This represented more than a 15-fold increase in specific activity 
over that reported previously (2), and even greater when the pre- 
vious data were corrected for the 2-fold stimulation due to cya- 
nide, which was not used in the present assay system. Results 
from preparation to preparation have been somewhat variable 
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and occasionally the specific activity at Step 7 was as little as 3000 
units per mg. of protein (with activator). The present technique 
of purification did not result in a preparation free from malic 
dehydrogenase I. Thus, the starting specific activity of the DPN 
enzyme was 369 units per mg. protein in Step 1 and increased 
to 750 units per mg. of protein in the last step. Since a 60-fold 
purification of malic dehydrogenase II was achieved, a 30-fold 
separation of the two activities was obtained. This degree of 
separation of the two activities was the same whether or not ac- 
tivator was included in the assays since the activator had no ef- 
fect on the enzymatic activity of malic dehydrogenase I. 

The most pure preparations were polydisperse in the ultracen- 
trifuge and exhibited at least four different major components.? 
However, the enzyme preparations were found to be free of 
lactic dehydrogenase and malic enzyme. Under the conditions 
for manometric assay, none of the components of the citric acid 
cycle, aspartic acid or d-malic acid was oxidized. Malice dehy- 
drogenase II activity was only slowly lost on storage of the en- 
zyme fractions at 3°. 


Activation of the Enzymatic Reaction 


During the course of studies on isoelectric precipitation as an 
aid in purification of the enzyme it was found that combination 
of the supernatant and precipitate fractions oxidized malate at a 
rate greater than could be accounted for by the sum of their in- 
dividual activities. A heat-stable factor, associated primarily 
with the precipitate fraction appeared to be responsible for this 
activation. The activator was not produced by the addition of 
specific substances in the course of the isoelectric precipitation 
procedure since the same results were obtained if HCl or H.SO, 
were used to adjust acidity in place of acetic acid. In addition, 
when Step 3 enzyme was acidified to pH 4.8 for 15 minutes 
and then neutralized without first separating the supernatant and 
precipitate fractions, its activity did not increase. That the ac- 
tivator did not merely increase the liberation of CO. in the man- 
ometric assay but actually stimulated electron transport, could be 
demonstrated in the spectrophotometric assay by observing a 
similar increase in the rate of reduction of ferricyanide. 

Fig. 1 represents the effect of graded levels of activator on en- 
zymatic activity. The degree of maximum activation varied 
with the different preparations but usually was in the range of 2- 
to 5-fold. 

Table IT lists data on a few properties of the activator fraction. 
The principle appeared to be dialyzable, was stable to prolonged 
heating at neutrality, was labile in alkali and considerably more 
stable in acid. Moreover, in the presence of a concentration of 
cyanide sufficient to exert its maximum stimulatory effect (2), the 
activator still stimulated the enzymatic oxidation of malate. 
Thus, it did not appear to be duplicating the action of cyanide. 
The activator could not be replaced by DPN, TPN, FAD, 
FMN, FAD-X, riboflavin, CoA, biotin and a@- or 6-tocopherol, 
cocarboxylase, pyridoxine, pyridoxal, or pyridoxamine singly or 
in combination. Similarly, Na+, K+, Mg*t*, Mn++, MoOs, 
MoO, Zn++, Nit+, Cut+, Cut, Fe+++, Fet++ or activator dry- 
ashed at 550° failed to activate the oxidation of malate. 


Enzymatic Identification of Oxalacetic Acid 


Enzymatic Assay of Authentic Oxalacetic Acid—In order to 
avoid the possible disruption of a compound other than oxalacetic 


2 We are indebted to Mr. Robert Wilcox for his assistance in 
performing the analytical ultracentrifugation study. 
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Fic. 1. The effect of activator fraction on enzymatic activity. 
Standard manometric assay system. Step 5 enzyme, 0.42 mg. of 
protein per flask. 


TaBLe II 


Effect of various treatments on ability of activator 
to stimulate enzymatic activity* 





Enzyme 








fraction Treatment to activator pe wv | eet 
unils/ml. | anttefal. : 
Step 7 | None | 2750 7900 
| Dialysis 24 hr.f | 3170 
| Centrifuge, 2 hr., 144,000 x g | 7850 
| Ash, 550° | 2700 
| 
Step 5 | None | 875 1970 
| Heat, 100°, 30 min., pH 7.4 1993 
| Heat, 100°, 30 min., 0.1 n HCl | 1028 
| Heat, 100°, 30 min., 0.1 vn NaOH 342 
| 
Step 4 | None 522 1540 
| 5 X 10°? m cyanidet 701 1482 


* Standard manometric assay system. 
Tt Versus 0.001 m sodium phosphate buffer, pH 7.4. 
¢ Added to reaction flask; final concentration. 





acid formed by malic dehydrogenase II from malate, mild condi- 
tions were sought to test for oxalacetic acid. An enzymatic assay 
system consisting of purified pig heart malic dehydrogenase and 
DPNH was utilized. The samples to be assayed were added to 
Beckman | cm. cuvettes containing 120 wmoles of pH 7.4 sodium 
phosphate buffer; 0.5 to 0.25 umoles of DPNH; and H.0 to give 
a final volume of 2.9 ml. The decrease in absorbancy (corrected 
to a volume of 3.0 ml.) at 340 my following the addition of 0.1 
ml. of pig heart malic dehydrogenase (500 units) and converted 
to uwmoles (-absorbancy/2.07 (9)) was calculated to be the 
umoles of oxalacetate present (DPNH oxidized). A further de- 
crease in absorbancy following the addition of lactic dehydro- 
genase was similarly calculated as the amount of pyruvate (10). 
When the sample to be assayed consisted of a spent enzymatic 
reaction mixture which caused an appreciable endogenous oxi- 
dation of DPNH, its enzymatic activity was destroyed by incu- 
bating 10 minutes in 0.2 Nn HCl at 0° followed by neutralization 
with NaHCO. 

Enzymatic Formation of Oxalacetic Acid with Fe(CN)@- as Ac- 
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TaB.e III 


Formation of oralacetate and pyruvate by malic dehydrogenase 
II with ferricyanide as acceptor 











» Oxalace- 
—— ym Procedure tate 3 
men " theory oe | Pyruvate 
ah umole umole ae 
1A Control 0.625 | 0.563 | 0.033 
B Heated reaction mixture 0.625 | 0.0 0.627 
2A Control 15.0 14.7 t 
B With activator 15.0 14.1 t 
3A Control 20.0 ee Tt 
B With activator 20.0 17.1 t 
Cc Malate omitted 0.0 0.0 t 

















* Rased on ferricyanide added for Experiment 1 and 2 and on 
malate added for Experiment 3. 
+ Not determined. 


Experiment1A. 900 units of Step 7 enzyme, 1.0 umole of malate; 
1.25 ymoles of K;Fe(CN).; 71 wmoles of sodium phosphate buffer, 
pH 7.4; H20 to give final volume of 3.0 ml. Incubated in cuvette 
25 minutes at 30°. Experiment 1B identical except that the cu- 
vette was placed in a 100° water bath for 5 minutes after incuba- 
tion. Oxalacetate and pyruvate were assayed enzymatically. 

Experiment 2A. 1400 units of Step 7 enzyme; 30 umoles of 
K;Fe(CN).5; 20 wmoles of malate (side arm); 260 umoles of 
NaHCO;; H:20 to give final volume of 2.0 ml.; in Warburg flasks at 
30°. Gassed 5 minutes with 5 per cent CO2 and 95 per cent No». 
Incubated 25 minutes. Experiment 2B same as 2A except that 
0.4 ml. of activator was added. Oxalacetate was assayed en- 
zymatically. 

Experiment 3A. 1400 units of Step 7 enzyme; 60 umoles of 
K;Fe(CN).; 20 uwmoles of malate (side arm); 260 umoles of 
NaHCoO;; H:0 to give final volume of 2.0 ml.; in Warburg flasks 


at 30°. Gassed 5 minutes with 5 per cent CO» and 95 per cent 
Nz. Incubated 40 minutes after malate was added. After cessa- 


tion of reaction HCl was added to 0.2 N and oxalacetate assayed 
by chemical decarboxylation (2). Experiment 3B same as above 
except that 0.5 ml. of activator was added. Experiment 3C same 
as 3B except that malate was omitted. 


ceptor—With the aid of the enzymatic assay, the formation of 
oxalacetate by malic dehydrogenase II was determined (Table 
III). An excess of malate to Fe(CN),*- was used so that the 
latter would be completely reduced. It will be seen that ap- 
proximately theoretical amounts of oxalacetate were formed thus 
demonstrating its reactivity with pig heart malic dehydrogenase, 
as well as the completeness of the reaction. Experiment 1 B 
demonstrated that the oxalacetate could be completely converted 
by heating to a product which appeared to be pyruvic acid. In 
these studies oxalacetate was also identified chemically by Al*+- 
decarboxylation (Experiment 3), and by forming the 2, 4-dinitro- 
phenyldrazone and confirming its similarity to the authentic 
oxalacetic acid derivative in both absorption spectrum and rate 
of migration upon paper chromatographic analysis (11). Al- 
though the activator accelerated the rate of reaction, it had no 
affect on the total amount of oxalacetate recovered. 

Aerobic (Non-Fe(CN )-) Oxidation of Malate—By the use of the 
enzymatic assay for oxalacetate it was found that less pure frac- 
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Fig. 2A. The aerobic (non-Fe(CN),’-) oxidation of malate. 
The reaction was performed in Warburg flasks at 30°. Each 
flask contained 149 units of Step 4 enzyme (784 units per mg.); 
30 umoles of malate; 120 umoles of Tris buffer, pH 8.2; HO to 
give final volume of 3.0 ml. Gassed 5 minutes with Oo. No 
manometric readings. Reaction was stopped with 0.6 m.eq. of 
HCl. Oxalacetate was assayed enzymatically. 
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Fic. 2B. Same as 2A except for amount of enzyme. 
was stopped at 15 minutes for all flasks. 


Reaction 


tions of malic dehydrogenase II catalyzed the slow aerobic oxida- 
tion of malate (Fig. 2). O2 appeared to be the ultimate electron 
acceptor since under the conditions described in Fig. 2A, the 
umoles of oxalacetate produced in 2 hours with O» in the gas 
phase was 1.14; with No, 0.54; and with N» and yellow phos- 
phorus, 0.21. The small formation of oxalacetate under No 
might have been due to residual O, or to the presence of substrate 
levels of a natural electron acceptor. 

The ability of the enzyme to couple the oxidation of malate to 
oxygen appeared to be partially removed during purification 
(Table IV). It was of interest, too, that the activator had no 
effect on the aerobic production of oxalacetate. 

Oxidation of malate in the presence of both oxygen and ferri- 
cyanide appeared to proceed through both electron pathways si- 
multaneously and perhaps independently. It was consistently 
found that the amount of oxalacetate produced by the 0 to 20 
(NH,4)2SO, enzyme, in the presence of very small levels of 
Fe(CN)¢- (<1.0 umole) under aerobic conditions, exceeded the 
theoretical value by an amount produced in the same time in the 
absence of Fe(CN),'- (Table V). 
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TaBLe IV 1.6 L+MDH T | | 
Partial separation of aerobically coupled oxidation p—O—___ nl 
of malate from ferricyanide-linked reaction 1.4/—- : 
1 
Oxalacetate formed 1.2 a 
Electron acceptor os 0 ' 7 
Step 7 enzyme* es 8 ya Zz l. 1 + MALATE 
aq 1 
pumoles/min./mg. protein | wmoles/min./mg. protein 2 8 RO 77 
Fe(CN)<- 4.82t 1.06t D 6L x 
O2 0.0065t 0.0383f ° ° 
4 
4 + UNHEATED 1d 
Fe(CN) .- 
io: ————_ 4 28 ss 
Ratio 0: 741 et AM 0-20 3 ~ 
* Saturating level of activator used with both enzyme fractions. re) | | L | 
+ Calculated from rate of malate oxidation in standard mano- re) 2 3 4 
metric assay for malic dehydrogenase II. MINUTES 


t Determined by enzymatic assay for oxalacetate described in 
text: Oxidation of malate performed as described in legend for 
Fig. 2A. 


TABLE V 
Aerobic formation of ozalacetate with and without ferricyanide 


























Oxalacetate 
System 
Produced | Theory* Excess 
: yon? ell pmole | pmole umole 
Aerobic, no Fe(CN).- 0.12 | 0.00 0.12 
Aerobic + 0.60 umole Fe(CN) .*- 0.46 | 0.30 0.16 





* Calculated for complete reaction with added Fe(CN),*-. 

Both systems: Enzyme, 0 to 20 (NH4)2SO, fraction, 139 units; 
Tris buffer, pH 8.2, 120 umoles; 30 wmoles of malate, H:O to give 
final volume of 3.0 ml.; in Beckman DU cuvettes, temperature 
30°. Reaction with Fe(CN),.* followed to completion at \ = 420 
my (7 minutes). Aerobic, no Fe(CN).* reaction conducted for 
7 minutes. Both reactions were stopped with HCl and oxalace- 
tate was assayed enzymatically. 


Coupling of Malic Dehydrogenase II with Pig Heart Malic De- 
hydrogenase—In order to avoid the possible decomposition of a 
labile precursor or derivative of oxalacetate which might be 
formed during the oxidation of malate, it was desirable to react 
the oxalacetate with pig heart malic dehydrogenase and DPNH 
as soon as it was formed. With the observations that oxalacetate 
could be produced in certain bacterial enzyme fractions in the 
absence of Fe(CN),’- the direct coupling of the reactions cata- 
lyzed by malic dehydrogenase II and pig heart malic dehydro- 
genase became possible. In Fig. 3 are shown several curves 
which support the following reaction sequence: 





14% Oz 7 r— Malate <— ->DPNt+ 
” 
Malic Dehy- | get 
| drogenase IT by doomsiones 
H.O re _>Oxalacetate— —DPNH 





Curves 1, 2, and 3 demonstrate that a complete system was re- 
quired and that heat-inactivated bacterial enzyme failed to work. 
In Curve 3 the large decrease in absorbancy following the addi- 
tion of pig heart malic dehydrogenase appeared to be the result of 


Fic. 3. Spectrophotometric studies on the coupling of malic 
dehydrogenase II and pig heart malic dehydrogenase. All re- 
actions were performed in cuvettes with a 1.0 cm. light path; 
temperature 30°. Spectrophotometric readings were recorded 
continuously at 340 my in a Cary Model 11 recording spectro- 
photometer. Curves were corrected for absorbancy of substances 
added and for dilution. Curve 1, 250 units of 0 to 20 (NH,).SO, 
fraction (815 units per mg. protein); pig heart MDH, 500 units; 
Tris buffer, pH 8.0, 120 umoles; HO to give a final volume of 3.0 
ml. after addition of all reactants. At 0 minutes approximately 
0.4 umole of DPNH was added. At the time indicated 3 umoles 
of malate were added. Curve 2, same as Curve 1 except that 0 
to 20 (NH,)2SO, fraction was inactivated by heating 3 minutes 
at 100° and malate was present at 0 minutes. At indicated time 
250 units of unheated 0 to 20 (NH,)2SO, fraction were added. 
Curve 3, same as Curve 1 except that pig heart malic dehydro- 
genase was not added until the time indicated. Curve 4, 0 to 20 
(NH,)2SO,, 250 units; Tris buffer, pH 8.2, 120 umoles; H:O to give 
a final volume of 3.0 ml. after addition of all reactants. At 8 
minutes before zero time 3 wmoles of malate were added. At 0 
minutes approximately 0.75 umole of DPNH was added. 500 
units of pig heart malic dehydrogenase were added at time indicated 
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Fic. 4. The rate of the coupled reaction as a function of amount 
of malic dehydrogenase II. Conditions were identical to that 
described in legend of Fig. 3, Curve 1, except for ml. of 0 to 20 
(NH,)2SO, fraction added. All data were corrected for the endog- 
enous rate. 
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the accumulation of oxalacetate which began when malate was 
added. The experiment represented by Curve 4 was designed 
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to study the rate of formation of oxalacetate by malic dehydro- 
genase II in the absence of the pig heart malic dehydrogenase- 
DPNH couple. 0.047 umoles of oxalacetate per minute was 
formed during the 9 minute period of reaction which compared 
favorably to a rate of 0.052 umoles per minute for the coupled 
reaction. That the rate of oxidation of DPNH in this system 
was directly related to the amount of bacterial enzyme is illus- 
trated in Fig. 4. 

It is apparent that, if the interpretation of the coupled reaction 
is correct, the malate should act in a catalytic fashion. This was 
found to occur. Thus, in one of several experiments 0.1 umole 
of malate caused the oxidation of over 0.3 umole of DPNH at 
which time the measurements were halted. Throughout the 25 
minutes of this experiment the rate of reaction was linear and 
there was no indication that the oxidation of DPNH would not 
continue. 

Incorporation of Radioactive CO, into Enzymatically-Synthesized 
and Authentic Oxalacetate—Among the original observations of 
Krampitz (3, 4) dealing with the possible formation of “physio- 
logical oxalacetate” by acetone-dried or lysed cells of M. lyso- 
deikticus, perhaps the most striking was the increased incor- 
poration during CO--fixation experiments of labeled-CO, into 
oxalacetate enzymatically produced from fumarate compared to 
that incorporated into authentic oxalacetate. Hence, it was 
deemed essential in the present study to similarly study the 
oxalacetate produced by malic dehydrogenase II. 

Following the enzymatic oxidation of malate by Step 7 enzyme 
in the presence of Fe(CN),'-,radioactive HCO;- anda preparation 
of whole lysed M. lysodeikticus (capable of catalyzing the ‘‘ex- 
change” reaction) was added to the reaction flask or to control 
vessels containing authentic oxalacetate. After a 15 minute 
period of reaction the oxalacetate was decarboxylated with Al**, 
and the liberated CO. was trapped in NaOH, precipitated as the 
BaCO; and assayed for radioactivity. No difference in behavior 
of the enzymatically-produced or authentic oxalacetic acid was 
noted in these studies. Thus, in a typical experiment the average 
counts per minute of CO. incorporated into enzymatic and 
authentic oxalacetic acid were 1850 and 1940, respectively; spe- 
cific activity was 18.2 and 18.0 counts per minute per mg. of 
BaCOs,, respectively. 


DISCUSSION 


Upon discovery of malic dehydrogenase II, the possibilities of 
(a) an electron acceptor different than DPN and (6) a “physio- 
logical oxalacetate”’ were raised. 

In the first paper of this series (2) reactivity with DPN of malic 
dehydrogenase II appeared to be excluded. Moreover, the non- 
identity of the reactions catalyzed by the bacterial and mam- 
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malian enzymes is now further supported by the experiments in 
which both enzymatic reactions could be coupled. Whereas it is 
still possible that DPN tightly complexed to malic dehydrogenase 
II, not exchangeable with added DPN or DPNH and linked di- 
rectly to a transport system carrying electrons to O2 might ac- 
count for the results obtained in the coupling experiments, the 
previous studies (2) indicated that such complexed-DPN did not 
exist. 

The activator fraction itself might contain the natural electron 
acceptor which in vivo is attached to the apo-enzyme. On the 
other hand, the ability of the activator to stimulate crude en- 
zyme fractions to almost the same extent as the fractions from 
which it was derived might suggest that a coenzyme and apo- 
enzyme relationship was not involved. 

The data in the present report do not indicate that ‘“‘physiolog- 
ical oxalacetate” was produced. Although the formation of a 
derivative of oxalacetate still cannot be excluded, if such were 
produced it presumably would be extremely labile, if not in direct 
equilibrium with oxalacetate. Another possibility is that a de- 
rivative, labile or not, might react enzymatically and chemically 
in a manner indistinguishable from oxalacetate. The nonspe- 
cific nature of heart malic dehydrogenase and lactic dehydro- 
genase has been clearly demonstrated (12, 13). Hence, the use 
of these enzymes to assay specifically for oxalacetate and pyru- 
vate in complex biological mixtures must be subject to reserva- 
tions. The weight of all the data in this and the preceding study, 
however, leave little doubt that oxalacetate itself was produced. 
Although, the present data would appear to contradict the find- 
ings of Krampitz et al. (3, 4) concerning formation of ‘“physio- 
logical oxalacetate,” it is important to note that their experi- 
ments were performed with less pure, and hence, more complex 
enzyme preparations. 

The author wishes to acknowledge the excellent technical as- 
sistance of Raymond R. Newman. 


SUMMARY 


The nonpyridine nucleotide malic dehydrogenase of Micrococ- 
cus lysodeikticus has been purified over 60-fold. Coupling of the 
reactions catalyzed by the bacterial enzyme and pig heart malic 
dehydrogenase further demonstrated the nonidentity of the two 
types of enzymes. The possible production by the bacterial en- 
zyme of a “physiological oxalacetic acid” was tested by reacting 
the enzymatically-produced oxalacetate with pig heart malic de- 
hydrogenase and also by studying its ability to “exchange” en- 
zymatically with C“O,. All tests confirmed the identity of the 
enzymatic product to authentic oxalacetate. A heat stable, di- 
alyzable factor which stimulated the bacterial enzyme was ob- 
tained during the purification procedure. Its role in the reaction 
is, as yet, unknown. 
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The factors governing the rate of fatty acid synthesis by the 
liver have been under investigation in this laboratory. The 
general study procedure consisted of modifying the nutritional 
or endocrine state of rats and then measuring the capacity of 
their excised livers to convert a variety of C-labeled substrates 
(glucose, fructose, pyruvate, acetate) to fatty acids. It became 
clear quite early that fasting for a few days drastically reduced 
the capacity of the liver to convert the C™ of C'-glucose (1), 
C-fructose (2), and of acetate-1-C™ (3) to fatty acids, and that 
a single administration of glucose—but not of protein or fat— 
completely restored hepatic lipogenesis of the fasted rat to nor- 
mal (3). The elimination of carbohydrate from the diet for 
only a few days before the rat was killed resulted in a loss in the 
ability of its liver to convert glucose (1) and acetate carbon to 
fatty acids (3). The effects of fasting upon the lipogenic capacity 
of the liver slice have been confirmed in experiments with intact 
rats injected with C"-acetate (4, 5). These and other experi- 
ments have given rise to the opinion that the extent of lipogenesis 
in the liver is linked in some manner to carbohydrate utilization 
(6-8). The liver’s capacity for lipogenesis is also regulated by 
hormones, particularly insulin (9, 10), the effect of which upon 
fatty acid synthesis in the liver is secondary to its priming of 
glucose utilization (11). 

The present report deals with the influence of dietary fats 
on hepatic lipogenesis. It is shown that the capacity of the 
liver for incorporating the C™ of C™-glucose and C'*-acetate 
into fatty acids is related to the amount of fat ingested by the 
rat. Since the prolonged feeding of high fat diets may induce 
liver damage, the feeding of special diets described here, regard- 
less of their fat content, was limited to 3 days. The feeding 
of fat-containing diets for this short period did not influence the 
glycogen or lipide content of the liver. Our findings suggest 
the existence of a homeostatic mechanism in the regulation of 
hepatic lipogenesis. 


EXPERIMENTAL 


Treatment of Animals—Rats of the Long-Evans strain were 
fed synthetic diets for 3 days before they were killed. In all 
cases except one (Table I) the basal diet contained 50 per cent 
glucose, 6 per cent salt mixture (12), 2 per cent of defatted liver 
(VioBin), and an adequate vitamin B mixture (13). The 


* Aided by grants from the U. 8. Public Health Service and the 
Alameda County Heart Association. 

7 Present address, Instituto Investigaciones Medicas, Ciudad 
Universitaria, Madrid, Spain. 

t Present address, Service de Biologie, Commisariat 4 ]’Energie 
Atomique, Centre Nucléaire de Saclay, Seine et Oise, France. 


changes in the percentages of fat in the diet were made at the 
expense of Cellu flour or Cellu flour together with vitamin-free 
casein (Nutritional Biochemical Corporation). 

Preparation of Tissues and Incubation Procedure—Blood was 
withdrawn from the heart just before the animals were killed by a 
sharp blow on the head. The livers were rapidly excised and 
placed in cold Krebs-Henseleit bicarbonate buffer (14). Slices 
approximately 0.5 mm. thick were prepared with a mechanical 
tissue slicer (15). 500 + 5 mg. portions of the slices were 
placed in the main compartment of a 50 ml. incubation flask 
(16) containing 5 ml. of the bicarbonate buffer (pH 7.3 to 7.4) 
to which either acetate-1-C™ (as the sodium salt) or glucose 
evenly labeled in all its carbons had been added. The C™- 
glucose was prepared photosynthetically and purified chro- 
matographically by the method of Putman and Hassid (17). 
The flasks were gassed with a mixture of 95 per cent O. and 
5 per cent CO, and closed with self-sealing rubber caps. The 
tissues were incubated, with shaking, at 37.5° for 3 hours. 

Analytical Procedures—The methods for determining the ra- 
dioactivity in CO. and fatty acids and for measuring as well as 
those plasma glucose and liver glycogen have been described else- 
where (13, 18). Plasma and liver fatty acids were determined 
by the method of Bragdon (19). The phospholipide content 
of the plasma was determined by the method of King (20). 


RESULTS 
1. Experiments with Liver Slices 


Corn Oil as Dietary Fat—In the first experiment (Table I), 
increasing amounts of corn oil were incorporated into the syn- 
thetic diets, all of which contained 55 per cent glucose and 22 
per cent casein. No attempt was made to keep constant the 
caloric value per unit weight of these diets. As the percentages 
of corn oil in the diet were increased from 0 to 10, the conversion 
of the added acetate-C™ to fatty acids by liver slices was de- 
creased. The fatty acid-C" recoveries observed with the rats 
fed, for 3 days, a diet containing 15 per cent corn oil were about 
the same as those found with the rats fed the 10 per cent corn 
oil diet. No change was observed in the C™O, recoveries re- 
gardless of the level of corn oil in the diets fed. 

It is worthy of note that, under the conditions of this experi- 
ment, increasing the percentage of corn oil in the diet from 0 to 
15 failed to change significantly the levels of either glucose and 
total fatty acids of plasma or glycogen and fatty acids in liver. 

In the next experiment (Table II), the caloric value per 
gm. of diet was kept constant, as the amount of corn oil was 
increased from 0 to 15 per cent, by varying the level of casein 
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TABLE I 
Influence of corn oil feeding on lipogenesis by liver slices (the caloric value per gm. 
of diet was not kept constant as content of corn oil was increased) ] 
Male rats were fed the diets for 3 days. Duplicate 500 + 5 mg. portions of liver slices prepared from each liver were incubated as “er 
described in the text. Each result is the average of two separate analyses. 
rf * -1-Cu4 
- ~~ Average daily food consi a ae —s 
intake 2%) 
No. Weight Corn oilf Glucose Fatty acids Weight Glycogen Fatty acids | Fatty acids COz 
gm. % gm mg./100 ml. mg./100 ml. gm./100 gm. | % wet weight | % wet weight % % 
1 225 0 13 112 190 3.75 4.1 3.70 17 30 
2 190 0 15 82 223 4.00 6.2 2.56 20 36 
3 170 0 14 82 207 3.68 2.4 2.73 20 32 
4 205 0 12 120 187 3.00 2.2 3.41 19 33 
5 180 1 14 120 3.98 2.6 2.62 15 28 
6 185 1 15 116 159 3.66 3.6 2.66 14 32 
7 220 2.5 14 110 171 3.77 3.6 2.84 11 32 
8 160 2.5 12 103 149 4.05 2.5 2.62 12 32 
9 220 5 15 106 142 3.65 5.3 4.43 7.8 30 “*s 
10 210 5 14 82 140 3.56 4.42 9.8 36 
11 205 5 12 115 125 3.25 3.2 3.71 8.6 34 : 
12 180 5 11 93 194 3.90 5.0 3.95 7.2 32 in ( 
13 205 10 13 70 152 3.71 3.85 3.3 41 con 
14 220 10 14 85 236 3.22 4.1 3.00 4.1 46 was 
15 260 10 13 100 188 3.15 3.7 3.14 3.9 37 T 
16 290 10 14 87 167 3.67 2.9 3.32 1.9 39 eve 
17 240 15 15 88 128 3.44 2.5 4.53 4.4 35 por 
18 200 15 17 98 157 3.29 3.8 3.45 2.3 44 ure 
19 205 15 12 130 173 3.81 5.0 2.86 3.6 33 Altl 
20 225 15 13 92 162 4.00 3.9 2.90 | 2.1 34 dn 
* The glucose content of the diet was 55 per cent throughout. The casein content of the diet was 22 per cent throughout. con 
t+ Mazola (Corn Products Company). oil, 
cov 
C 
TaBLeE II me! 
Influence of corn oil feeding on lipogenesis by liver slices (caloric value per gm. of diet kept constant the 
as content of corn oil was varied) to | 
For experimental details see Table I. = 
n 
Rat Diet* Plasma Liver MUpecovered ont | heroes recovered on: con 
Average daily diff 
j ~_ j “| food intake j “ait Gat oe " cu 
No | Weight Copst Casein Glucose (Fatty acids | Thos a Weight Glycogen perf Fatty acids} COs pf COz ane 
| gm. % | % gm. mg./100 ml. | mg./100 ml. | mg./100 ml.\ gm./100 gm. Sue ped % % % % a 
21 260 | 37 14 4.7 5.75 2.00 19.50 32 pom 
22 214 | 37 14 78 410 210 3.7 2.81 3.25 15.60 33 1.10 10.60 ter: 
23 210 37 16 - 71 449 218 3.2 2.32 4.22 15.80 26 1.40 10.70 
24 | 212 5 | 30 18 98 374 245 4.0 2.68 5.10 6.35 | 32 | 0.40 = 
25 209 5 30 19 79 445 188 3.1 2.40 5.40 7.20 28 0.60 9.20 J 
26 210 5 30 17 93 4.5 2.44 3.20 4.26 34 0.85 8.80 tabl 
27 224 10 23 15 115 425 155 4.1 2.31 3.06 3.30 | 29 0.30 6.30 sho 
228 10 | 23 14 95 480 192 4.2 | 2.16 4.58 2.65 | 26 0.43 9.30 fine 
29 222 10 23 18 88 452 182 3.8 | 2.76 4.10 2.70 | 33 0.33 10.60 ate 
30 | 282 | 15 | 15 16 89 435 200 4.9 2.69 | 3.25 | 1.70 | 30 | 0.25 | 5.45 dec 
31 260 15 15 18 82 375 205 3.6 2.58 4.25 2.20 33 0.28 7.80 bor 
32 220 15 15 16 85 418 210 3.2 1.96 4.58 1.56 26 0.21 5.90 
33 225 15 15 14 3.9 3.75 1.47 38 
34 240 15 15 12 3.1 4.04 0.88 | 34 " 
35 210 15 15 16 3.9 4.26 0.25 | 35 slic 
* The glucose content of the diet was 50 per cent throughout. ger 
+ Mazola. die 
at 
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Tas.e III 
Effect of variation in protein intake on lipogenesis in liver slices 


For experimental details see Table I. 
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- ware. ona | Live <— 
—_——— neeemene Ho, | idl cmon _— ROE Cera —— 
No. Weight Casein _ Glucose Fatty acids a a | Weight Glycogen Fatty acids | Fatty acids | COz 
| | | 
z gm. % | gm. mg./100 ml. | mg./100 ml. mg./100 ml. gm./100 gm. | % wet weight % wel weight % | % 
36 260 | 37 12 94 315 186 5.0 4.78 4.06 11.7 28 
37 20 | 37 | 14 72 365 199 4.8 5.66 4.74 12.0 | 28 
38 280 =| 37 11 71 402 210 4.7 | 4.30 4.28 | tie 4. & 
39 a a 11 70 382 178 4.4 4.20 4.30 17.6 | 2% 
40 260 | 37 12 95 339 192 | (5.6 | 5.70 3.96 16.3 | 25 
41 302 | 15 13 70 356 198 | 4.2 | 4.70 5.02 | 17.8 | 28 
42 230 | 15 10 | 6 339 188 | 5.0 4.82 | 3.80 | 17.9 | 29 
43 2 |} 6 | 2 72 322 2406 | (4.2 | 5.48 | 466 | 13.5 | 27 
44 | 300 | 15 | 9 80 375 190 | 4.0 | 4.30 | 4.90 18.4 27 
* The glucose content of the diet was 50 per cent throughout. 
in the diet from 37 to 15 per cent. Even under these dietary TABLE IV 
conditions, the incorporation of acetate carbon into fatty acids Effect of vegetable oil, hydrogenated vegetable oil, 
was decreased as the fat in the diet was augmented. and lard on hepatic lipogenesis 
The conversion of the C™ of glucose, the carbons of which were For experimental details see Table I. 
evenly labeled with C™, into fatty acids and CO, by separate a ee eee ey E pint 
. : | " | |Added acetate 
portions of the livers of Rats 21 to 35 (Table II) was also meas- Rat Diet* | Liver 1-C 
ured. The results were similar to those observed with acetate, | “ ae eens trae | Conerenes ane 
Although the C“O, recoveries in the experiments with the C™- ae, : eR yates ps rey 
glucose decreased from an average value of 10.7, when the diet ie im — — cogen | acids | acids | CO» 
contained, no fat, to 6.4 when the diet contained 15 percentcorn =| a | ot eel meni Geett en | 
oil, it should be noted that the corresponding C™-fatty acid re- we : - | em. | weight | weight) “ a 
coveries represent a 5-fold reduction. 45 | 270 | 0 37 | 4.41 | 5.80 | 2.26 | 10.20 | 27 
Changes in Dietary Protein—Since, in the preceding experi- 46 | 240 | 0 37 | 4.74 | 5.00 | 2.08 | 12.30 | 29 
ment, we varied the casein content of the diet in order to keep 4 | on : | | ve | es | 2.14 | 10.60 | 34 
the caloric value per gm. of diet constant, it became necessary 49 | 250 | 0 37 | + 438 | ny 
to determine whether or not large differences in casein intake 50 | 250 | 15 VOt 1 5 | 3. 84 570 3.55 | 2. 90 pod 
could modify the incorporation of acetate-1-C™ into fatty acids. 51 | 270 | 15 VOt | 15 | 4.12 | 4.46 | 2.59 | 4.66 | 30 
In this experiment (Table III), rats were fed synthetic diets 52 | 257 | 15 VOt 15 | 4.17 | 5.22 | 3.25) 1.74 | 35 
containing no fat and either 15 or 37 per cent casein. No 53 | 260 | 15 VOT 15 | 4.26 | 5.08 | 2.86 3.03 | 30 
difference in the capacity of liver slices to incorporate acetate-1- 54 | 250 | 15 HVOY | 15 | 4.48 | 5.60 | 2.58 | 2.83 | 32 
C™ into fatty acids was observed. Likewise, no difference was 55 | 270 | 15HVOt | 15 | 4.20' 6.20! 3.22) 3.18 | 31 
apparent in the oxidation of acetate-1-C™ to CO, in the two 56 | 280 | 15 HVOY | 15 | 3.96 5.15 3.00 | 2.47 | 30 
groups of animals. 57 | 260 | IS HVOt | 15 | 4.39 4.18 2.65 | 4.14 | 30 
It may be concluded that the depression in C™-fatty acid re- 58 | 250 | lard | 15 | 4.12 | 3.56 1.47 30 
Pitiies a : ‘ 59 | 245 15 lard 15 | 3.90 | 4.10 1.62 | 35 
coveries observed in Pr. ables I and II, is neither a matter of al- 60 | 230 | 15lard | 15 | 4.31 | 3.28 0.82 | 30 
teration of total caloric intake nor of variation in the protein 61 | 270 | 15lard | 15 | 3.72 | 4.16 1.13 | 38 


content, but rather, a response to the corn oil content of the diet. 

Experiments with Lard, Vegetable Oil, and Hydrogenated V ege- 
table Oil—The results of the experiments recorded in Table IV 
show that the inhibitory effect on hepatic lipogenesis is not con- 
fined to corn oil. When fed for 3 days, vegetable oil, hydrogen- 
ated vegetable oil, and lard were about equally effective in 
decreasing the liver’s capacity for lipogenesis from acetate car- 
bon. 


2. Experiments with Intact Rats 


The experiments described so far were carried out with liver 
slices. Fat feeding was also shown to affect the extent of lipo- 
genesis in the liver of the intact rat. Rats were fed isocaloric 
diets containing 0, 5, 10, or 15 per cent corn oil, for 3 days, and 
at the end of that time they were injected intraperitoneally with 


| 





* The glucose content of the diet was 50 per cent throughout. 
t Vegetable oil (Wesson oil). 
t Hydrogenated vegetable oil (Snowdrift). 


acetate-1-C". Exactly 1 hour after the injection they were 
killed, and their livers were rapidly excised and analyzed for 
C"-fatty acids (Table V). The reduction in C™-fatty acid re- 
coveries with increasing amounts of dietary fat is again evident. 


3. Time and Concentration Studies with Liver Slices 


Under the conditions of our experiments, the feeding of the 
fat-containing diets did not increase the fatty acid content of 
the liver. Even so it is necessary to consider the possibility 
that the lower C'-fatty acid recoveries reflect a greater dilution 
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TABLE V 
Effect of corn oil feeding on hepatic lipogenesis in intact rats 
For experimental details see the text. 
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TaBLe VI 
Effect of insulin on hepatic lipogenesis of normal rats 
For experimental details see Table I. 




























































































— | P | | 
Rat Diet Liver a | Added 
- C\ of injected ace- 
daily food | tate-1-C¥* recovered Rat Diet* Liver co Average 
: . Corn | Ca- | intake Tes Gly- — —- om os | recovered 
No. | Weight | Sex oilt | sein | Weight cogen whole liver Insulin¢| vie slucose at 
| ime 0 
acy 1 el | ; : : sacrifice 
em. % | % | om | bem. | eh % No.| Weight] Ca | Ci] | weight] Sty, | Fatty | Fatty loo, 
62; 205 | F 37 12 3.21 | 3.75 6.80 — | = - . —_—|—_————_ 
63| 180 | F 37| 15 | 3.84 | 3.15 5.68 mm. | % | % | sm./100| % wet | Ze met! | a | me-/100 
oe ba 1 ll hn o 81} 240 | None | 37 | No | 3.81 | 4.42| 2.81/10.30| 32 
66 | 245 |M 37 12 oh 7.90 82) 240 | None | 37 | No | 3.98 | 3.16 2.48)12.60) 29; 79 
: : 83} 220 | None | 37 | No | 4.16 | 4.84) 2.66|17.10) 26 
67| 170 |F | 5/30} 12 | 3.42 | 5.80 3.34 7 : 
84) 210 | None | 37 | No | 3.71 | 3.42) 2.59)14.90) 30 
68| 200 |F | 5|30| 14 | 3.80| 3.40 5.00 . | 
85; 180 | None | 37 | Yes | 3.61 | 2.14) 2.52)18.10) 31 
69 1909 | F 5 | 30 14 3.98 | 4.32 4.84 r 
70| 210 |\M| 5/30 17 4.05 2 30 86| 235 | None | 37 | Yes | 4.53 | 6.90) 3.46/12.60) 23! 38 
2 § 5 87; 230 | None | 37 | Yes | 3.78 | 5.90) 2.42/15.80| 27 
71 | 220 |M|! 5| 30 14 3.59 3.32 + 
88; 248 | None | 37 | Yes | 4.71 | 5.56) 2.61119.10) 30 
72 190 | F | 10 | 23 13 3.12 | 3.67 2.60 
89) 245 15 15 | No | 4.77 | 3.60) 4.68) 2.00) 32 
73 180 | F | 10 | 23 9 2.90 | 4.39 2.92 r 
90 200 15 15 | No | 3.60 | 3.75) 3.24| 1.80) 33 
74 190 | F | 10 | 23 16 3.46 | 3.20 2.64 r 
91; 210 15 15 | No | 4.56 | 3.77) 4.78) 2.47| 29) 97 
75| 235 |M/|10/23| 16 | 3.62 1.14 | : | 
92} 225 | 15 15 | No | 3.99 | 4.50) 4.70) 1.95) 36 
76 | 225 | M/} 10} 23 11 4.99 2.86 ss 
93) 230 15 15 | No | 3.69 | 5.48} 2.86) 4.00) 24) 
77 | 178 | F | 15) 15 12 3.54 | 2.16 2.04 
94| 225 | 15 | 15 | Yes | 3.86 | 5.60| 3.23) 4.55) 31] 
78 | 190 | F | 15} 15 7 3.78 | 1.40 3.24 
95} 230 | 15 | 15| Yes | 4.34 | 4.75) 2.90) 3.61) 34) 
79 180 |F |}15/15)| 10 3.40 | 5.40 2.44 . , ‘ 
s0| 260 |M/15/ 15 17 4.20 1.10 96; 210 15 15 | Yes | 3.95 6.45) 3.27) 4.06] 33) 26 
. | he : 97} 190 | 15 | 15 | Yes | 3.98 | 3.15) 3.62) 2.56) 33 
* The glucose content of the diet was 50 per cent throughout. We) 222 16 | 15 | Yes | 3.20 2.32 2.97) 1.30 36) 
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Fic. 1. Time and concentration study with liver slices. For 
explanation see the text. The ordinate values are percentages of 
the C's added to the incubation medium. 


of the added C" in the liver of the fat-fed animal than in that 
of the rat fed the fat-free diet. As shown in Fig. 1, however, 
fat feeding reduced the incorporation of acetate carbon into fatty 
acids when 500 mg. of liver slices were incubated with 2 umoles 
of acetate as well as when 10 and 50 umoles of acetate were 
added to the incubation medium. This was true for all inter- 
vals studied, namely, 1, 2, and 3 hours. This observation, with 
a 25-fold variation in the amount of acetate incubated, argues 

















* The glucose content of the diet was 50 per cent throughout. 

Tt Mazola. 

t 2 units of protamine zinc insulin (Lilly) per kilo body weight 
were injected subcutaneously twice daily for 3 days before the 
rats were sacrificed. 


against the view that the reduced C-fatty acid recoveries ob- 
served with the livers of the corn oil-fed rats resulted from an 
enlarged two-carbon pool. It should also be noted that the 
CO, recoveries did not differ significantly in the experiments 
with the fat-free and fat-fed rats. This latter finding, in con- 
junction with the observation that the extra fat feeding did not 
depress the total utilization of acetate by the liver slices,! lends 
support to the view that the ingestion of fat does not result in a 
generalized depression of the metabolic activity of the liver, but 
rather in a specific inhibition of lipogenesis. 


4. Effect of Exogenous Insulin on Hepatic Lipogenesis of Corn 
Oil-Fed Rats 


Since insulin is intimately involved in maintenance of hepatic 
lipogenesis (9, 10), we considered the possibility that the inclu- 
sion of fat in the diet had modified the release of insulin from 
the pancreas. The results of the experiments recorded in 
Table VI rule out this possibility. In normal rats fed a glucose 
diet, with or without added fat, the administration of insulin, 
twice daily for 3 days, failed to influence hepatic lipogenesis. 

DISCUSSION 
The results presented here indicate that ingested fat regulates 


the rate of hepatic lipogenesis in the normal rat, as judged by 
the conversion of the C of acetate-1-C" and C'-glucose to 


1 Estimated by measuring the C™ remaining in the medium at 
the end of the incubation period. 
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fatty acids. An effect of dietary fat was demonstrated in experi- 
ments with excised liver slices, as well as in the intact rat. A 
depressing action upon hepatic lipogenesis was observed with a 
variety of fats: corn oil, lard, vegetable oil, and hydrogenated 
vegetable oil. The sensitivity of the liver to ingested fat is 
shown by the fact that measurable effects on lipogenesis were 
noted when the fat in the diet was raised from 0 to as little as 
2.5 per cent. 

Because of the importance of dietary carbohydrate in the 
maintenance of hepatic lipogenesis (3), all diets used in this 
study, regardless of whether they had 0, 1, 2.5, 5, 10, or 15 per 
cent fat, were rich in carbohydrate and, in all experiments 
except one (Table I), the diets contained exactly 50 per cent 
glucose. In no case did we obtain evidence that the addition of 
as much as 15 per cent of fat to the diet, which was fed for 3 days, 
lowered the glycogen content of the liver. Thus, the depressing 
effect of dietary fat wpon lipogenesis was observed under conditions 
that allowed for priming of hepatic lipogenesis by carbohydrate. 
Our observations suggest that the lipogenic capacity of the liver 
is more sensitive to fat in the diet than it is to carbohydrate. 

Haugaard and Stadie (21) were the first to point out that, in 
normal rats, a positive correlation exists between the liver’s 
capacity to incorporate acetate carbon into fatty acids and the 
glycogen content of the liver. Masoro et al., in their studies 
on cold exposure (22), found a similar correlation between lipo- 
genesis and the total carbohydrate content of the liver. No such 
correlation is apparent in the data recorded in Tables I to IV.? 
Under the conditions of fat feeding, as carried out here in con- 
junction with a high carbohydrate intake, the capacity for he- 
patic lipogenesis can be greatly reduced without changing the 
glycogen content of the liver. 

The effects upon hepatic lipogenesis recorded here were ob- 
served in rats fed fat-containing diets for very short periods 
(3 days), and the feeding of those diets did not influence the 
fat content of the liver. In these respects our experimental 
design differed from that of Brice and Okey (23), who fed diets 
containing 5 and 40 per cent fat for 3 weeks, and of Whitney 
and Roberts (24) who fed diets containing 1 and 50 per cent 
fat for 2 to 3 months. The prolonged feeding of those high- 
fat diets increased considerably the fatty acid content of the 
liver. Both groups of workers observed less incorporation of 
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acetate-C™ into the livers of rats fed high fat diets than in those 
fed low fat diets. Higher amounts of fat in the diets used by 
these two groups of workers were included at the expense of 
carbohydrate. Thus, in the two diets employed by Brice and 
Okey, the one with low fat contained 73.5 per cent carbohydrate 
and the high fat diet 29 per cent carbohydrate. The low and 
high fat diets used by Whitney and Roberts contained, respec- 
tively, 72 and 0 per cent carbohydrate. It is difficult, therefore, 
to ascribe an effect upon lipogenesis observed with these diets to 
dietary fat per se. 

The mechanism by which the feeding of fat depresses lipo- 
genesis remains to be considered. A diet rich in fat has been 
shown to lower the insulin content of the pancreas (25). In 
view of the role of this hormone in carbohydrate utilization 
we were led to consider the possibility that the depressed lipo- 
genesis produced by fat feeding may have resulted from a 
relative decrease in available insulin. Experiments in which 
insulin treatment was instituted along with fat feeding offer no 
support for this concept. 


SUMMARY 


1. Rats were fed, for 3 days, synthetic diets containing 0, 
1, 2.5, 5, 10, and 15 per cent fat. The fats tested included 
lard, corn oil, vegetable oil, and hydrogenated vegetable oil. 
The glucose content of each diet, regardless of its fat content, 
was kept constant, namely, at 50 per cent. 

2. The livers of rats fed the diet devoid of fat had the highest 
capacity for converting acetate carbon to fatty acids. A 
measurable depression in lipogenesis was observed when as 
little as 2.5 per cent of fat was added to the diet. When the 
fat content of the diet was increased to 15 per cent, the liver 
had lost about 90 per cent of its ability to convert acetate carbon 
to fatty acids. All fats tested were effective in reducing 
hepatic lipogenesis. Similar effects were observed when labeled 
glucose served as substrate. 

3. These effects of ingested fat upon hepatic lipogenesis 
occurred in the absence of changes in (a) the glycogen and fat 
content of the liver and (6) the glucose and lipide content of 
plasma. 

4. The administration of insulin failed to increase the de- 
pressed hepatic lipogenesis induced by fat feeding. 
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It is now well established that the various lipide classes of 
blood (1), liver (2), and other organs are metabolically dissimilar. 
The different fatty acids of the diet (3) and within the organism 
(4) also have been shown to have variable functions and effects. 
Methods have recently become available for the rapid and pre- 
cise analysis of these fatty acids (5) and it is reasonable to expect 
that an analysis of the fatty acid composition of each lipide class 
will yield rich information concerning the transport and metab- 
olism of fatty acids. Considerations of this type indicate the 
need for a reliable, standardized method for the separation of the 
lipide classes. The present communication describes a method 
for such separation based on adsorption chromatography with 
silicic acid. 

Since Trappe’s introduction of silicic acid chromatography for 
lipide separation in 1940 (6, 7), a considerable experience has 
been gained with this procedure (8-11). Such information has 
been put to practical use in many types of lipide separations (1, 
12, 13) but workers have found that the separations can be cap- 
ricious and unreliable. Therefore, a systematic study of the 
many variables seemed desirable. Information obtained from 
this study and from previous investigations of the properties of 
silicic acid (14-16) were used to elaborate a standardized method 
for the separation of lipide groups. The present report is a de- 
scription of the method and some representative results. 


METHODS 


Adsorbent—Mallinckrodt silicic acid, 100 mesh, labeled “suit- 
able for chromatographic analysis by the method of Ramsey and 
Patterson” is used. Whereas different batches (control No. DLD 
and control No. CVB) have given the same results, other com- 
mercially available silicic acids do not give the same results as 
these Mallinckrodt preparations. Since reduction of particle size 
enhances resolution of the column (16), 200 gm. of adsorbent are 
milled for 10 to 12 hours with 400 gm. of }-inch porcelain balls 
in an Abbé mill. 90 per cent of this milled silicic acid will pass 
through a standard 325 mesh sieve, but before milling only 50 
per cent passes the sieve. The ground silicic acid is placed in a 
2 liter glass cylinder. Absolute methanol is added to the 2 liter 
mark, and the silicic acid suspended by rapid agitation. After 
exactly 30 minutes of settling, the methanol and suspended silicic 
acid are decanted and discarded. This is repeated once again 
with methanol and twice with ethyl ether. These repeated sus- 
pensions remove extremely fine particles which slow the column 


*Supported in part by the U. S. Publie Health Service 
(H-2539), Williams-Waterman Fund, and the Nutrition Founda- 
tion. 
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flow rate and may be washed from the column by polar eluants. 
Finally, the remaining silicic acid is dried in air and stored in a 
dry glass container. Silicic acid moist with organic solvents 
may be explosive if heated; thus, the drying should be done slowly 
in a warm, dry atmosphere. Such preparation yields about 75 
per cent of the starting material.! 

Adsorption Values—These are determined by a modification of 
Trappe’s method (6). Test solutions are made with 50 or 100 
mg. of solute per 100 ml. of the solvent under study. 4 gm. 
aliquots of silicic acid are weighed into a series of 50 ml. glass- 
stoppered centrifuge tubes. The adsorbent is activated in an 
oven at 115° for 1 hour and cooled to 20°. A 25 ml. sample of 
each test solution is pipetted into each of the tubes. Solutions 
and adsorbents are mixed by repeated gentle inversion and al- 
lowed to stand for 30 minutes at 20°. Aliquots of the superna- 
tant solutions are analyzed gravimetrically and the percentage 
of lipide adsorbed is computed. 

A pparatus—A useful all Pyrex? apparatus is shown diagrammat- 
ically in Fig. 1. It is held together firmly by mechanical clamps 
and stainless steel leashes. The solvent reservoir consists of a 
globe type 1200 ml. separatory funnel ending below the stopcock 
in a ground male joint. This fits into a separate short segment 
which is, in turn, connected through a ball and socket joint with 
the upper end of the jacketed Pyrex cylinder (250 x 18 mm.), 
comprising the column. The mercury filled glass plunger in the 
separatory funnel maintains an air pocket above the column, 
thereby preventing back diffusion of solutes from the column into 
the solvent reservoir. The column is supported below by a 
coarsely sintered glass disk on a ground glass fitting. The flow 
rate is largely determined by the characteristics of the adsorbent 
and the packing. It can also be affected by changing the small 
head of pressure of solvent immediately above the column or by 
applying nitrogen under pressure to the solvent reservoir. No 
attempt is made to regulate flow rate with the stopcocks of the 
apparatus. Large fractions are collected in glass beakers; for 
smaller fractions an automatic collector is useful. The adsorp- 
tion of lipides on silicic acid diminishes with rising temperature, 
which causes more rapid elution. Thus, temperature control of 


1 Recently the Bio-Rad Laboratories, 800 Delaware Street, 
Berkeley, California, have begun the commercial production of 
silicic acid prepared according to these specifications. Their 
product has been tesed in this laboratory and found to give the 
same results as those reported here. 

? These parts were made by the Scientific Glass Apparatus Com- 
pany, Inc., Bloomfield, New Jersey, and are available as chroma- 
tographic apparatus No. 57824. Separate parts may be ordered and 
should be referred to by the circled numbers in Fig. 1. 
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the column is essential. Constant temperature is achieved by 
continuous circulation of water at 25° pumped through the jacket 
from a constant temperautre circulating bath (American In- 
strument Company, catalogue No. 4-96). 

Column Preparation—In the separation of materials of widely 
different polarities, silicic acid may be used merely as a selective 
filter which retains one lipide while another is being washed 
through the column. However, for reproducible separations of 
closely related lipides, meticulous attention to the details of col- 
umn construction is required. 18 gm. of silicic acid, weighed 
from a batch of adsorbent which has been dried at 115° overnight, 
is dusted into the jacketed glass column; it settles on the sintered 
glass plate which is covered by a circular disk of ether-extracted 
filter paper. With gentle tapping of the sides of the cylinder as 
the adsorbent is gradually added, the column shrinks slowly into 
place with a flat upper surface. Maximal suction from a water 
aspirator (pressure = <2 cm. of mercury), applied to the 
lower end of the column, causes slight further shrinkage and 
assures even, reproducible packing. Finally, another circular 
disk of filter paper is placed, without pressure, against the top 















(constant) 














Fig. 1. Apparatus used for column chromatography with silicic 
acid consisting of a lower assembly and two types of upper assem- 
bly. Lower assembly: This shows the jacketed column and sur- 
rounding Pyrex parts. The top of this assembly fits into either 
type of upper assembly. Upper assemblies: The two arrange- 
ments shown here are for step-wise elution with a single flask 
(left) or for gradient elution with two flasks in tandem (right). 
All parts labeled by circled numbers are commercially available.? 
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of the column. This prevents dislodging of the upper layer of ad- 
sorbent into the solvent. 

The silicic acid in such a column contains a variable amount of 
water which acts as the stationary phase of a liquid-liquid parti- 
tion system. With less water the effects approach adsorption on 
a solid surface, becoming maximal when the silicic acid is about 
5 per cent water by weight (15). Oven-heating removes varying 
amounts of water, but the desired degree of activation is more 
reproducibly obtained by the use of dehydrating washes (16). 
For this purpose, the column is successively washed with 10 ml. 
of ethyl ether, 30 ml. of acetone-ethy! ether (1:1, v:v) and finally 
20 ml. of ethyl ether. Gentle suction from below hastens these 
preliminary washings. When completed, the column is attached 
to the solvent reservoir containing petroleum ether (b. p. 60- 
70°), and allowed to wash slowly for 10 to 12 hours to assure com- 
plete removal of the dehyrating solvents. Since temperature 
change and bubbling may disrupt the column structure, all 
solvents should be at the same or slightly higher temperature 
than that of the column; and the constant temperature device 


described above must be used from the time the preliminary 


dehydrating washes are begun. 

A column prepared in this way has the following characteris- 
tics: column volume = 22 ml.; flow rate of petroleum ether under 
pressure of the solvent reservoir = 0.3 to 0.6 ml. per minute. 
Colored substances, such as p-nitroaniline or carotene, are eluted 
by benzene or petroleum ether in a sharp band, 0.5 to 1.0 em. in 
width, which during column passage remains almost precisely 
perpendicular to the long axis of the column. A determination 
of the column constants defined by LeRosen (17) indicates that 
a column of this type is suitable for the most demanding separa- 
tions. 

Charging the Column—When the petroleum ether washing is 
finished, any solvent remaining above the column is gently sucked 
away without allowing the upper surface of the column to dry. 
The mixture of lipides to be separated is dissolved in as small a 
volume of petroleum ether as possible and pipetted on to the col- 
umn. In dealing with substances relatively insoluble in petro- 
leum ether, such as monoglycerides, it may be necessary to add 
the dry compound to a small volume of solvent above the column. 
As the elution proceeds, this material slowly dissolves. In this 
way the total volume of solvent used for charging the column is 
kept under the permissible maximum of 20 ml. In the results 
to be reported, the total amount of lipide charge did not exceed 
300 mg., usually with no more than 50 mg. of each component. 
With these quantities there has been no evidence of column over- 
loading. After the charge has passed into the column, the sides 
of the glass cylinder above the column are washed with 1 to 2 
ml. of petroleum ether. When this has entered the column, elu- 
tion with more polar solvents is begun. 

Elution—All solvents used for elution are of reagent grade, 
redistilled in glass. The only solvent requiring special treatment 
is ethyl ether which is distilled over sodium and stored at 0-5°. 
Ether treated in this manner remains free of peroxides for at 
least 3 months. 

Elution carried out with solvent mixtures of increasing polarity 
produces an orderly migration of lipide classes from the column. 
The solvent pair, ethyl ether and petroleum ether (b. p. 60-70°), 
is employed for this purpose. This system was recommended 
by Fillerup and Mead (10) for the separation of serum lipides and 
has been found useful in the chromatography of other organic 
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TaBLe I Tefion 
Elution schemes : - 
A. Stepwise elution of 8 major classes of lipides 2 : Groove toallow 
mm.| : passa 
Fraction Eluant ' arven o4 of 





I 50 ml. of 1% ethy] ether in petroleum ether (60-70°) 
II 75 ml. of 1% ethyl ether in petroleum ether 


III 225 ml. of 1% ethyl ether in petroleum ether; then, 
60 ml. of 4% ethyl ether in petroleum ether 


IV 240 ml. of 4% ethyl ether in petroleum ether; then, 
200 ml. of 8% ethyl ether in petroleum ether 


V 450 ml. of 8% ethyl ether in petroleum ether; then, 
50 ml. of 25% ethyl ether in petroleum ether 


VI 200 ml. of 25% ethyl ether in petroleum ether 
VII 300 ml. of ethyl ether 


VIII 400 ml. of absolute methanol 








B. Stepwise elution of 3 major classes of fatty acid esters 





Fraction | Eluant 





I 350 ml. of 1% ethyl ether in petroleum ether; then, 
60 ml. of 4% ethyl ether in petroleum ether 


II 300 ml. of ethyl ether 


Ill 400 ml. of absolute methanol 





C. Gradient elution of 8 major classes of lipides 





Fraction Eluant 








I 1200 ml. of 10% ethyl 
ether in petroleum ether; 
then, 1000 ml. of ethyl 
ether 


Upper reservoir 


: q . }600-800 ml. of petroleum 
Lower (mixing) reservoir 
ether 


II Then, 400 ml. of absolute methanol 








substances (14). Changes in polarity can be effected by abrupt, 
stepwise changes in ethyl ether concentration or by a gradient of 
ethyl ether concentration. There are many variations of these 
two techniques, each useful for certain separations. Three elu- 
tion schemes, found to have particular utility in this laboratory, 
are given in detail in Table I. 

Scheme A—Successive solvent mixtures are applied when the 
last remnants of the preceding mixture disappear into the column. 
Since care must be taken to prevent the head of the column be- 
coming dry, the timing of these changes requires considerable 
attention. At the time of each solvent change, the lower stop- 
cock is closed and the glass tip beneath the stopcock is washed 
with a few ml. of chloroform which is added to the eluate last 
collected. In this way, the small amount of solute which crystal- 














magnetic bar 


Fic. 2. Stirring device in mixing flask. Rapid mixing of the 
eluant during gradient elution is achieved by this Teflon and glass 
device which holds a magnetic bar close to an externally placed, 
rotating magnetic field. The magnetic bar and Teflon holder spin 
freely on the glass rod. 


lizes out of solution and encrusts the glass tip is recovered. Such 
encrustation can be reduced by fusing a Baketel adapter* to the 
tip and attaching a fine bore stainless steel needle (No. 23) as 
shown in Fig. 1. Elution is completed by the addition of meth- 
anol. This must be added slowly, otherwise the rapid mixing of 
methanol with ethyl ether may disrupt the column structure. 

Scheme B—As shown in Table I, this is a simplified elution pat- 
tern for isolating the major classes of fatty acid esters. 

Scheme C—Gradient elution provides an almost completely 
automatic means of changing the solvent polarity which thus 
avoids the necessity of carefully timed solvent applications. It 
is achieved by using two separatory funnels joined in series above 
the column as shown in Fig. 1. The two mercury-weighted 
plungers maintain air pockets in the mixing flask and above the 
column. Rapid and thorough mixing is accomplished by a 
Teflon-covered magnetic bar, spun by a magnetic stirrer outside 
the mixing reservoir. The magnetic bar must be swivelled in 
order to fit through the top of the solvent reservoir. This assem- 
bly (Fig. 2) is made of glass and Teflon since organic solvents ex- 
tract plasticizers and other material from rubber and most plas- 
tics other than Teflon. 

Simple theoretical considerations enable an approximation of 
the solvent concentrations during gradient elution. If a mixture 
of ethyl ether in petroleum ether of concentration C (upper res- 
ervoir) is added to a mixing chamber containing V ml. of petro- 
leum ether in which there is complete mixing (lower reservoir), 
and if R, the rate of inflow from the upper reservoir, equals the 
rate of outflow from the lower mixing chamber, the concentration 
of ethyl ether in petroleum ether, FE, which leaves the mixing 
flask in time, t, changes as follows: 

dE RC — RE 


dt V 


The solution of this equation under the conditions mentioned 


above is: 
fy 
ash iat eRuv 


This is a special case of the more general equation of gradient 








3 Made by Becton, Dickinson and Company, Rutherford, New 
Jersey. Catalogue No. 421 B. 
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Fic. 3. Change in composition of eluant during gradient elu- 
tion. The heavy, unbroken line is the theoretical curve of solvent 
concentration when 10 per cent ethyl ether in petroleum ether is 
added to a constant volume of petroleum ether, V, at a rate of 
(V/1000) ml./min. After 20 hours, ethyl ether is added and the 
second, steeper limb of the curve is described. The broken line 
shows, for comparison, the solvent concentration changes which 
occur with the step-wise elution scheme of Table I, if a flow rate 
of 0.8 ml./min. is assumed. 


2A00 


elution proposed by Lakshmanan and Lieberman (18). The 
curve of solvent concentration as a function of time described by 
this equation can be controlled regardless of variations in R, the 
flow rate of the column, by altering V, an easily changed pa- 
rameter. Generally, columns fitted with the gradient elution ap- 
paratus (Fig. 1) will flow at the increased rate of 0.6 to 0.8 ml./ 
min. because of the greater pressure head. A convenient value 
of V for this flow rate is 600 to 800 ml., which maintains R/V 
at 0.001. Under these circumstances, the curve of solvent con- 
centration is that shown in Fig. 3 (solid line), Such gradient 
elution satisfactorily separates all lipide classes by adherence to 
the following scheme: 1200 ml. of 10 per cent ethyl ether in pe- 
troleum ether in the upper funnel flows into 600 to 800 ml. petro- 
leum ether in the lower. When the upper reservoir empties, the 
final eluate of 1000 ml. ethyl ether is added to it. Finally, 
when both chambers empty, the gradient elution device can 
be removed, and 400 ml. of methanol are added directly to the 
column for completion of the elution. 

Analysis—Solvent is removed from large fractions at room 
temperature by vacuum distillation in a Craig rotary distillation 
apparatus (19). When necessary, this is done under a cover of 
nitrogen. The solute is redissolved in a known volume and ali- 
quots are taken for analysis. The weight of solute is determined 
in tared glass shells by the method of Craig et al. (20). De- 
terminations of free and esterified cholesterol] are made by the 
Sperry-Webb method (21) and the lipide phosphorus analysis by 
a modification of Stewart and Hendry’s method (22). Other 
valuable methods occasionally used for more specific identifica- 
tions are the titration of nonesterified fatty acids according to 
Dole (23) and the ninhydrin reaction of unhydrolyzed phos- 
pholipides described by Lea and Rhodes (24). 

When many small fractions are collected, the method of Rap- 
port and Alonzo (25) for esters of carboxylic acids is particularly 


Separation of Complex Lipide Mixtures 


Vol. 233, No. 2 


Tase II 
Source of reference compounds 





Compound 


Source 





Cholesteryl palmitate, lauric 
acid, distearin, dipalmitin, 
dilaurin, monostearin, mon- 
olaurin, monopalmitin (1- 
and 2-isomers), monoacetin 
and “mono- and di-acetin 
fats”’ 


Paraffin 


Squalene, tripalmitin, trihex- 
anoin (tricaproin), choles- 
teryl acetate 

6-Carotene 


Cholesteryl stearate 


Cs_i0 Triglycerides 


Tristearin, tributyrin, choles- 
terol 


Trilinolein 


Dimyristoyl] 1-a-lecithin 


Corn oil 


Linseed oil 


Hydrogenated jojoba nut oil 


B-Sitosterol 


a-Glyceryl ether (chimy] alco- 
hol), a-glyceryl ether diole- 
ate (chimy] dioleate) 


Vitamin A acetate 


dl-a-Tocopherol 


Lithocholic acid, desoxycholic 
acid 


Methyl palmitate 





Research Department of the 
Chemical Division, Procter 
and Gamble Company, Cin- 
cinnati, Ohio 


Household Wax, Esso, 
Bayonne, New Jersey 


Inc., 


Eastman Organic Chemicals, 
Distillation Products Indus- 
tries, Rochester, New York 


General Biochemicals,  Inc., 
Chagrin Falis, Ohio 
Dougherty Chemicals, Rich- 


mond Hill, New York 


SC Triglycerides, E. F. Drew 
and Company, Boonton, New 
Jersey 


Amend Drug & Chemical Com- 
pany, Inc., New York, New 
York 


The Hormel Foundation, Aus- 
tin, Minnesota 


Dr. Erich Baer, Toronto, Can- 
ada 


Mazola, Corn Products Refining 
Company, Argo, Illinois 


Linol, Archer-Daniels-Midland 
Company, Minneapolis, Min- 
nesota 


Southern Regional Research 

Laboratory, U. 8. Dept. of 
Agriculture, New Orleans, 
Louisiana 


Sitosterin-S.A.F., Hoffman-La 


Roche & Company, Basle, 
Switzerland 


Dr. Manfred L. Karnovsky, 
Boston, Massachusetts 


Nutritional Biochemicals Cor- 
poration, Cleveland, Ohio 


Merck & Company, Inc., Rah- 
way, New Jersey 


Research Chemicals Division, 
George A. Breon & Company, 
Kansas City, Missouri 


Research Division, Armour and 
Company, Chicago, Illinois 
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useful. In the case of cholesterol esters, the end products of the 
reaction may be insoluble in the final color reagent (ethanolic 
ferric perchlorate). To circumvent this, n-butanol is substituted 
for ethanol. The final colored product is compared with a 
monoglyceride standard and the result reported in microequiva- 
lents of carboxyl ester. 

The quantity of 1-monoglyceride in a mixture of the 1- and 
2-isomers is determined by the intensity of color created when a 
sensitive Schiff reagent (26) is allowed to react with the periodic 
acid oxidation products. 

Reference Compounds—The use of impure compounds results 
in uncertain yield and confusing results. Recrystallization is al- 
most always necessary when the commercially available supplies 
of triglycerides and cholesterol are used. The various com- 
pounds used in these studies and their sources are listed in Ta- 
ble II. 


RESULTS 


Adsorption Values—The adsorptive properties of silicic acid for 
lipides can be studied by measuring the adsorption values of pure 
compounds in ethyl ether-petroleum ether mixtures (Figs. 4 and 
5). Study of such data enables selection of the best solvent com- 
binations for subsequent separation. For example, the adsorp- 
tion values of paraffin, squalene, and cholesteryl palmitate 
(Fig. 4) show maximal differences at 0.5 to 1 per cent concentra- 
tion of ethyl ether in petroleum ether. In application of these 
findings, chromatographic elution with 1 per cent ethyl ether in 
petroleum ether yields complete separation of these three com- 
pounds (Fig. 6). In general, substances which differ by 10 or 
more per cent in adsorption value in a given solvent mixture can 
be separated completely by that mixture. These considerations 
led to the adoption of the various elution schemes described 
above. 

Chromatographic Separations—Results obtained by various 
types of elution can be illustrated by representative separations 
of synthetic mixtures of lipides as well as by separation of the 
components in naturally occurring mixtures such as the lipides 
of human serum. For demonstration of completeness of re- 
covery, separations are most satisfactorily made by the collection 
of large batches of eluate, but the best illustration of the course 
of elution is obtained by collecting many small fractions. Re- 
sults obtained by the three elution schemes described in Table I 
will be given in order: 

Scheme A: Stepwise Elution of Eight Major Classes of Lipides— 
This elution scheme enables the resolution of a complex lipide 
mixture into eight discrete classes: saturated hydrocarbons, un- 
saturated hydrocarbons, cholesterol esters, triglycerides, nones- 
terified cholesterol, diglycerides, monoglycerides, and phospho- 
lipides. The chromatographic behavior of homologous members 
of each lipide class is a function of chain length and unsaturation 
of its constituent fatty acids. Therefore, to test the limits of the 
method, columns were charged with substances of the same chem- 
ical class but composed of fatty acids of widely divergent polarity. 
These studies were done with synthetic mixtures and also with 
the lipide mixture found in human serum. 

Synthetic Mixtures of Lipides (Table I11)—Cholesterol esters, 
ranging in molecular weight from cholesteryl stearate to choles- 
tery] acetate (Fraction III), separate from the unsaturated hydro- 
carbons (Fraction II) but precede saturated, long-chain triglye- 
erides (Fraction IV) from the column. Fraction IV contains 


J. Hirsch and E. H. Ahrens 









Adsorption Values 





© Paraffin 


§ 50 ® Squalene 
3 0 Cholesteryl 
o palmitate 
Q 40F 
uv 
is] 
§ | 
a) 
@ 207 
_ 
10F 











Per cent ethyl ether/pet. ether 


Fic. 4. The percentage of lipide adsorbed at 20° by 4 gm. of 
silicic acid from 25 ml. of a 100 mg./100 ml. solution. 
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Fic. 5. The percentage of lipide adsorbed at 20° by 4 gm. of 
silicic acid from 25 ml. of a 50 mg./100 ml. solution 
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Hydrocarbons and Chol. Ester 
Charge: 
Paraffin 30.2 mg. 
Squalene 26.4 " 
Cholesteryl palmitate 21.3 * 
Mg Eluant: 
1 1 per cent ethyl ether in petroleum ether 
° 
4 Paraffin (60-70") 
12 Squaiene 
10 Cholestery1 
palmitate 
6 
4 
2 
i 1 i i i f 
Mi. 30 60 9 120 150 180 210 240 270 300 


Fic. 6. The separation (as predicted from the adsorption 
values of Fig. 4) of two hydrocarbons and a cholesterol ester by 
elution from an 18 gm. column of silicic acid with 1 per cent ethyl 
ether in petroleum ether (V:V). 
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TaBLe IV 
Separation of synthetic miztures into major lipide classes 








TaBLe III 
Elution of test compounds 
Fraction Compounds 
I Paraffin 
. Vegetable wax (hydro- 
II Squalene, 8-carotene geneted jojoba nut 
il)* 

Ill Cholesteryl stearate, cho- |, , ‘ 
lesteryl acetate, dl-a-to- Methyl palmitate 
copherol 

IV Tristearin, trilinolenin, trilinolein, tricaproin, ‘‘mon- 
oacetin fat’’ a-glyceryl ether dioleate (chimyl 
dioleate) palmitic acid, lauric acid 

V Cholesterol, 8-sitosterol enesom fat?™* 

a eee’ 

VI Dipalmitin, dilaurin, tributyrin Dietearin 

VII Monostearin, monolaurin, vita- 
min A acetate, lithocholic acid, 
a-glyceryl ether (chimy] alco- 
bel) {Desoxycholic acid* 

VIII Monoacetin, dimyristoy! 1-a-lecithin 








* Overlaps two fractions 


saturated triglycerides ranging in molecular size from tristearin 
to tricaproin, as well as the highly unsaturated, long-chain tri- 
glycerides of linseed oil. Distearin is found in Fractions V and 
VI, and thus is not completely separated from nonesterified 
cholesterol in Fraction V, but Cio15 diglycerides are found only 
in Fraction VI. The very short chain triglyceride, tributyrin, 
is also contained in this fraction. Monostearin, monopalmitin, 
and monolaurin all appear in Fraction VII. However, the very 
short-chain monoglyceride formed from acetic acid is eluted with 
phospholipides in Fraction VIII. 

If one long-chain fatty acid of a typical triglyceride is replaced 
by acetic acid (“monoacetin fat’’),* the chromatographic proper- 
ties are not significantly changed, and the fat is eluted in Frac- 
tion IV with the other triglycerides. However, if two moles of 
acetic acid replace two long-chain fatty acids in a triglyceride 
(“diacetin fat’), the new fat becomes considerably more polar 
and is eluted in Fractions V and VI along with distearin. If an 
ether linkage replaces one of the carboxyl ester linkages in a tri- 
glyceride, the pattern of elution is unchanged. Thus, chimyl 
dioleate behaves like a triglyceride and chimy] alcohol like a 
monoglyceride. 

Detailed analyses of each fraction demonstrate the complete- 
ness of separation and recovery by this procedure. Two exam- 
ples of this are shown in Table IV. A small amount of solute, 
usually less than 2 mg., may be present in Fractions VI, VII, 
and VIII even in the absence of di- or monoglycerides or phos- 
pholipides. This is due to a small amount of silicic acid washed 
from the column by these polar eluants, a contamination kept to 
a minimum by the method of adsorbent preparation described 


‘This nomenclature is recommended by Mattson et al. (27). 
A “‘monoacetin fat’’ or ‘‘diacetin fat’’ is one in which one or two 
of the fatty acids of a conventional triglyceride are replaced by 
acetic acid. 


Charge Cholestery] palmi- | Cholesteryl palmi- 

tate—31.7 mg. tate—31.7 mg. 

Tripalmitin—24.2 Tripalmitin—24.2 
mg. mg. 

Cholesterol—17.2 Cholesterol—17.2 
mg. mg. 

Monopalmitin—49.5 | Dipalmitin—38.2 
mg. mg. 


Fractions I, II & 
III) cholesterol- 
ester) 


Weight = 31.1 mg. 
Esterified choles- 

terol* = 31.2 mg. 
% recovery = 98.1 


Weight = 30.6 mg. 

Esterified choles- 
terol* = 30.4 mg. 

% recovery = 96.5 


Fraction IV (tri- | Weight = 24.8 mg. | Weight = 24.6 mg. 
glyceride) Total cholesterol | Total cholesterol 
= 0 mg. =0 mg. 


% recovery = 102.5 | % recovery = 101.7 


Fraction V (choles- | Weight = 17.1 mg. | Weight = 15.9 mg. 
terol) Total cholesterol | Total cholesterol 
= 15.5 mg. = 14.5 mg. 

% recovery of chol- | % recovery of chol- 
esterol (in frac- esterol (in  frac- 
tions V and VI) = tions V and VI) = 
96.5 94.7 

Fraction VI (digly- | Weight = 1.9 mg. | Weight = 39.5 mg. 
ceride) Total cholesterol | Total cholesterol 
= 1.1 mg. = 18 mg. 


% recovery (weight- 
cholesterol) = 98.7 





Fraction VII (mon- | Weight = 48.1 mg. | Weight = 0.3 mg. 
oglyceride) Total cholesterol | Total cholesterol 
= Omg. | = Omg. 


97.2 | 


% recovery = | 








* Expressed as milligram of cholesteryl palmitate. 


above. The small amount of cholesterol which contaminates the 
diglyceride fraction indicates the difficulty in separating non- 
esterified sterols from diglycerides. 

If many small fractions are taken for analysis, an elution curve 
is obtained which may indicate the separation of components 
withina single class. This is illustrated in Fig. 7 which shows the 
curve of elution of a column charged with representative mem- 
bers of many lipide classes. A separation of two triglycerides, 
tristearin and tricaproin, is clearly seen. Another feature of in- 
terest in this curve is the prolonged tail of the cholesterol peak 
and the consequent incomplete separation of cholesterol and di- 
palmitin. This tailing was shown to be the result of impurities 
in the cholesterol with which the column was charged, for when 
freshly recrystallized cholesterol was used, a more complete sep- 
aration (Fig. 8) was obtained. Yet, even this curve shows some 
tailing of cholesterol elution. Since Trappe (7) had shown that 
cholesterol may undergo transformation on columns of silicic acid, 
the possibility that tailing might have resulted from alteration 
during column passage was entertained and explored by infrared 
spectral analysis of material from various portions of the elution 
curve. All spectral patterns were precisely the same. Thus, 
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Elution of Lipide Classes 
Mg Charge: Paraffin 30.2 mg. 
18- Squalene 22.1 * 
Cholesteryl palmitate 21.6 " 
16 Paraffin Tristearin i174 " 
Tricaproin 26.0 " 
4r Cholesterol 484 " 
|_|] Squaiene Dipalmitin 29.6 " 
12 Monopalmitin 25.6 " 
ob Cholesteryl Monopaimitin 
palmitate 
: 
6H Tristearin Tricaproin Dipalmitin 
4b Cholesterol 
| a 
noes j 
Tube No. 10 20 30 40 50 60 70 80 90 100 
Fractions of Scheme A 
HI-HI4 II t IV t Vv t—ViI—}+—vilI— 
1% ethyl ether/pet. ether>| 4%—+4« 8% >|-— 25% ee 
(350 ml.) (300 ml.) 650 mi. (200 mi) ether 


Fig. 7. Elution of representative substances of seven major classes of lipides from an 18 gm. column of silicic acid. The abscissa 


shows the tube numbers collected fractionally and the various solvents used to effect elution. 


The fractions of stepwise elution scheme 


A are also shown and indicate the location of these steps on the elution curve. 


the tailing must be ascribed to the particular adsorption charac- 
teristics of cholesterol. This phenomenon has also been en- 
countered in the silicic acid adsorption chromatography of uri- 
nary ketosteroids (18). 

Serum Lipides—Lipide mixtures present in human serum or 
plasma were prepared for chromatography by the method of ex- 
traction and rectification of Folch et al. (28) or by ethanol (95 
per cent):ether (3:1) extraction of washed lipoproteins, precipi- 
tated by the Somogyi reagents (29). Water in the extracts was 
removed by the addition of absolute ethanol follwed by distilla- 
tion under nitrogen of the water-ethanol azeotrope. The lipides 
were dissolved in petroleum ether and applied to the column. 

A typical elution curve of plasma lipides is shown in Fig. 9. 
A small peak (tube no. 3) of highly orange-colored material con- 
taining carotene and possibly other unsaturated hydrocarbons 
appears first. The cholesterol ester peak (tubes no. 9-13) which 
follows is identified by its color reaction with the Liebermann- 
Burchard reagent. The next group of lipides to be eluted are 
the triglycerides (tubes No. 27 to 36) and immediately thereafter 
a small peak (tubes No. 37 to 43) containing material with ti- 
tratable acidity, the nonesterified fatty acids. When large frac- 
tions are collected, this small peak appears in Fraction IV. The 
next peak (tubes No. 55 to 65) shows the characteristic tailing of 
cholesterol. The small amount of material in tubes 71 and 72 
may bea trace amountof diglyceride, but it is more likely a minute 
remnant of a previous peak washed from the column immediately 
following the new step of solvent change. Upon the addition of 
methanol, the elution curve is completed. Although all of these 
last three peaks contain phosphorus, only the first reacts with 
ninhydrin to give the blue color characteristic of the free amino 
groups found in the cephalins. The first and second peaks con- 

















Mg. 
10+ Cholesterol -Dipalmitin 
8 
sj Liebermann-Burchard reaction 
, CTT 
4 
ot 
5 . 7 
1 L 
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8 per cent >| 
ethyl ether /pet. ether 





25 per cent — 


Fig. 8. The separation of a highly purified sample of choles- 
terol from diglyceride by elution from an 18 gm. column of silicic 
acid. Slight tailing of the cholesterol peak is evident. 


tain two equivalents of carboxy] ester per equivalent of phos- 
phorus, but the material in the third peak does not undergo hy- 
droxylaminolysis. Cephalins and lecithin contain carboxy] ester 
linkages which react with hydroxylamine, but the fatty acid of 
sphingomyelin, held through an amide linkage, is not freed by 
hydroxylaminolysis. Thus, these three peaks in order of elution 
are ascribed to cephalins, lecithin, and sphingomyelin. 

Scheme B: Stepwise Elution of Three Major Classes of Fatty 
Acid Esters—This type of elution was studied by the fractiona- 
tion of serum lipides into the three major classes of fatty acid 
esters: cholesterol esters, triglycerides, and phospholipides. Ta- 
ble V illustrates such an analysis. The completeness of recovery 
and of separation is indicated by the specific analyses shown. 
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Plasma lipide - 111.0 mg. 
20+ Cc 7 Liebermann -Burchard 3 values 
ee reaction % 300 ¥ 
Acid reaction to 
5- brom. cresol green a 
y e Weight in mg. sP 
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y Triglycerides lew 
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sl Y Non-esterified de 
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Fractions of Scheme A 
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(350 ml.) (300 mt.) 650 mi. (250 ml) ether(200ml) (350 ml.) 


Fig. 9. The separation of the lipide components of human plasma by elution from an 18 gm. column of silicic acid. Three peaks of 
phosphorus-containing lipide correspond to the three types of phospholipide found in human plasma. The abscissa shows the tube 
numbers collected fractionally and the various solvents used to effect elution. The fractions of stepwise elution scheme A are also shown 
and indicate the location of these steps on the elution curve. 


Nonesterified fatty acids and nonesterified cholesterol are found partial glycerides in human serum. In many normal and ab- 





with triglycerides as are any small amounts of partial glycerides 
which may be present. In Fraction III, there is a little less than 
2 eq. of carboxyl ester per weq. of phosphorus, as expected in a 
mixture of serum phospholipides. 

Scheme C: Gradient Elution—The efficacy of gradient elution 
was tested by the separation of various synthetic mixtures, and 
in all instances it was found equal to the stepwise scheme of elu- 
tion. However, one of its greatest utilities is in the search for 


TABLE V 
Separation gf serum lipides into three fractions of fatty acid esters 





Total Esteri- | Nones- ' 
Total coteensl fied terfied | Trigly- | Phos- 

wt. a choles- | choles- | ceride* | phorus 
(mg.) (ueq.) terol terol (weq.) (ueq.) 





Charge 115.0 | 334.7 | 19.6 | 16.9 | 91.7} 20.0 


Fraction I, Chol- | 15.5 | 25.2 | 21.2 0.3 1.4 0 
esterol esters 


Fraction II, Tri- | 80.0 | 280.0 0 16.9} 93.3] 0 
glycerides 




















Fraction III, 19.8 | 35.8 0 1.0 0 19.4 
phospholipides 
% recovery 100.2 | 101.9 | 108.2 | 107.2 | 103.3 | 97.0 





* Triglyceride = 
total carboxyl ester—2(phosphorus)—esterified cholesterol, 
3 





all in weq. 


normal human sera, no monoglycerides or diglycerides were found. 
However, when a hyperlipemic patient was injected intravenously 
with heparin to induce clearing, small amounts of both mono- 
and diglycerides were found. The elution curve (Fig. 10) shows 
a larger than normal amount of nonesterified fatty acids, a known 
consequence of heparin-induced clearing (30), but the feature of 
particular interest is the small double peak in tubes No. 142 to 
152 where diglycerides are expected, and a small peak in tubes 
No. 182 to 186 where monoglycerides are eluted. Material from 
these peaks was examined by infrared spectroscopy and gave the 
expected patterns of di- and monoglyceride. Even in this hyper- 
lipemic plasma, less than 2 per cent of the total glyceride is 
present as these partial glyceride products. In nine other human 
and rabbit sera so examined during the clearing reaction even 
tmaller amounts of partial glycerides were found. The small 
content of these substances in plasma indicates the likelihood 
that they are in rapid metabolic turnover, as in the case of the 
nonesterified fatty acids of plasma (31). 


DISCUSSION 


The methods described in this report have been shown to be 
satisfactory for the separation of the components of many syn- 
thetic mixtures as well as the natural mixture of lipides found in 
human serum. With minor changes these methods should be ap- 
plicable to many other naturally occurring lipide mixtures. In 
making these alterations, the following points deserve mention. 

The adsorbent, prepared in the manner stated above, is ade- 
quate for all purposes so far envisioned. Since the particle size 
will provide a flow rate desirable for good separation, there is no 
need for adding a filteraid of diatomaceous earth, which intro- 
duces a further variable. 
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Gradient Elution of Post-Heparin Hyperlipemic Plasma 
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Cholesterol 
8r esters 
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0 20 40 60 80 100 61200 «614400 «=—(160) |=— 180 200 
Tube No. 


(Each tube isa 20 min. collection containing 8 to 0 ml.) 
Fic. 10. The separation of the lipide components of a hyperlipemic human plasma during heparin-induced clearing by gradient 


elution from an 18 gm. column of silicic acid. 


The three solvents: petroleum ether, ethyl ether, and methanol, 
span the range of solvent polarity and in different combinations 
provide any desired degree of eluting power for lipides of biolog- 
ical origin. Although some solvent of similar polarity might re- 
place ethyl ether, Schroeder (14) has found that petroleum ether 
and ethyl ether mixtures provide more complete separations of 
specific test mixtures than a number of other solvent pairs. 

The necessary changes of solvent polarity are brought about 
either by stepwise changes or by a gradient. The use of such a 
gradient has not improved any of the particular lipide separations 
studied and in the case of serum phospholipides, the establish- 
ment of a gradient of methanol concentration in ethyl ether ac- 
tually yielded less sharp separation of the components than did 
an abrupt change. Similar findings are reported by Hanahan 
et al. (32) in their studies of phospholipide separations by chloro- 
form-methanol elution from columns of silicic acid. Yet in the 
separation of monkey brain sphingolipides, Weiss (33) has found 
gradient elution useful. Perhaps the greatest value of gradient 
elution in this type of chromatography is for the demonstration 
of small amounts of some particular lipide class in the presence of 
much larger amounts of other lipides, as in its use in a search for 
di- and monoglycerides in human serum (vide supra). The 
reason for this utility is evident from a consideration of the ef- 
fects of the abrupt solvent changes of stepwise elution. Any 
trace amount of material trailing from a previous peak may be 
quickly washed from the column after such solvent change, cre- 
ating an additional small peak. Gradient elution avoids such 
factitious secondary peaks (34). For quantitative recovery, elu- 
tion schemes A and B have been devised so as to include these 
secondary peaks with their parent peaks. 

The determination of adsorption values will reduce the empir- 
cism of solvent concentration selection for the separation of 


compounds not listed in Table III. These values can also sup- 
ply other useful information. One illustration of this is in the 
prediction of the order of elution of a mixture of compounds. 
For example, in Fig. 5 it is evident that in 12 per cent or less 
ethyl ether in petroleum ether, dipalmitin is more firmly held by 
silicic acid than is cholesterol; but, beyond the 12 per cent con- 
centration, the opposite is true. When these two compounds are 
eluted from columns by 8 per cent ethyl ether, cholesterol pre- 
cedes diglyceride, but at 25 per cent ethyl ether, the order of elu- 
tion is inverted, as predicted by the adsorption values. Such in- 
versions at different solvent concentrations are rare for most 
chromatographic systems, but have been described for a number 
of compounds separable on silicic acid columns, e.g. N-nitro- 
sodiphenylamine and nitroglycerine (14). 

Since Trappe showed that cholesterol and its esters may un- 
dergo transformation when trichlorethylene containing hydro- 
chloric acid is used as eluant (7) it is important to search for any 
evidence of such transformation with other lipides. In our 
studies no evidence for chemical transformation was found, as 
judged by physical and chemical characteristics of the lipides 
eluted from silicic acid (melting points, ultraviolet and infrared 
spectral analyses, colorimetric analyses, aldehyde formation, 
etc.). However, the isomerization of 2-monoglycerides to the 
more stable 1-form was hastened by passage over silicic acid. 
This phenomenon, first reported by Borgstrém (9), could be 
demonstrated when a mixture of the isomers of monopalmitin 
with only 4 per cent in the 1-form was applied to the column; 
60 per cent of the eluted monoglyceride was found to be the 
1-isomer. 

SUMMARY 


A method is described for the separation of complex lipide mix- 
tures into chemical classes by elution from a single column of 
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silicic acid. The method has been tested by the separation of 
synthetic mixtures and the mixture of lipides found in human 
plasma. Some of the many possible applications are illustrated. 
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The transport route for saturated and unsaturated long chain 
fatty acids has been well established in animal experiments. 
Only small amounts of these acids are absorbed via the portal 
vein, with the major part traveling via the lymphatics. Oleic 
and linoleic acids (1, 2) are absorbed similarly to long chain 
saturated acids (2, 3), irrespective of the form in which they are 
presented for absorption (i.e. as free acids or as triglyceride 
esters). 

Since the classical work by Munk and Rosenstein (4) on a 
patient with a lymphatic fistula, few definitive studies of this 
aspect of fat absorption have been made in human beings. 
Fernandes et al. (5) recently carried out studies of fat absorption 
in a child with chylothorax and compared the component fatty 
acids of the dietary and chyle fats. In the case of the long chain 
fatty acids the compositions of the two fats closely resembled 
each other, except that there was a lower content of stearic acid 
in the chyle as a result of less complete absorption. Since these 
authors did not use labeled compounds in their investigation, 
the incorporation of fatty acids in the diet into the different 
lipide classes of the lymph could not be followed. 

The present study of the absorption of labeled palmitic and 
oleic acids in man was made possible by the unusual experimental 
opportunity presented by the clinical condition known as chy- 
luria. The subject of this study was a 52 year-old Puerto Rican 
woman in whom an anomolous connection existed between the 
intestinal lymphatics and the left renal pelvis. The clinical 
aspects of this case have been presented elsewhere (6), together 
with a number of quantitative studies of fat absorption. In 
the present investigation labeled acids were fed to the patient 
in corn oil as free acids or as triglyceride esters. Absorption 
of the tagged acids was complete. In all experiments these acids 
were incorporated mainly into the lymph triglycerides and only 
to a minor degree in the phospholipides, irrespective of the form 
in which they were fed. A very small amount of the isotopic 
acids was found in the nonesterified fatty acids of the chyle. 

MATERIALS AND METHODS 

Labeled Materials—Oleic acid-1-C" was prepared according 
to the procedure of Bergstrém and Paabo (7) and palmitic acid- 
1-C" via a nitrile synthesis. Two labeled triglyceride products 
were prepared by esterifying an unsaturated monoglyceride 
(Myverol 18-40, made from lard by Distillation Products, Inc., 
Rochester, New York) with equimolar amounts of labeled oleic 
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acid chloride and unlabeled palmitic acid chloride, in the one case, 
and labeled palmitic acid chloride and unlabeled oleic acid chlor- 
ide in the other. The labeled triglycerides were freed from free 
fatty acids by passage over Amberlite [RA-400 (8). The labeled 
material was generously supplied by Professor Sune Bergstrém, 
Lund, Sweden. 

Metabolic Design—The studies to be described were carried 
out on a metabolic ward. The patient was maintained at con- 
stant weight throughout the entire experimental period by oral 
feedings of a homogenized mixture of “fat-free” milk protein 
and dextrose. The formula contained 69 gm. of protein, 2 gm. 
of fat, and 387 gm. of carbohydrate per day’s intake, a total of 
1840 calories. The patient received no other nourishment 
except for daily supplements of vitamins and minerals, as pre- 
viously described (6). The total day’s intake of formula was 
divided into five equal portions. The test meals were prepared 
by blending the test fat in the 7 a.m. aliquot. During the re- 
mainder of the day, at 10 a.m. and at 1, 4, and 7 p.m., the pa- 
tient was given the other four portions, together with tea or 
coffee. Test meals were administered at 3 day intervals and 
the total experimental period during which C™-labeled fatty 
acids were fed to her lasted 12 days. Previously the patient 
had been acclimated to oral formula feeding for 8 days. 

The patient retired at 10 p.m., and in the dependent position 
her chyluria ceased (6). Therefore, urine was collected at 3 
hour intervals during the 15 hour period from 7 a.m. to 10 p.m. 
Equal volumes of 95 per cent ethanol were added, and the mix- 
ture was stored at 4° until analyzed. In order to determine 
that there was efficient absorption of the labeled test fats, feces 
were acidified and blended with ethanol and extracted by coun- 
tercurrent distribution in a two-phase system described pre- 
viously (9). The lipide extracts contained negligible quantities 
of isotopically labeled material, indicating complete absorption 
of the test fat mixtures. 

Test Meals—Three different fat mixtures were used in these 
experiments. In each experiment 40 gm. of the following labeled 
fat mixture were fed to the patient as a single dose at 7 a.m.: 

Experiment A: Corn oil containing the synthetic triglyceride 
labeled with oleic acid-1-C". 4.0 gm. of the labeled triglyceride 
were dissolved in 38.0 gm. of corn oil. The fatty acid mixture 
obtained after saponification had an atom per cent excess of 
C*® in the carboxyl carbon of 0.512. 

Experiment B: Corn oil in which a small amount of free oleic 
acid-1-C™ was dissolved. 1.5 gm. of oleic acid-1-3" was dis- 
solved in 40.5 gm. of corn oil. The fatty acid mixture obtained 
after saponification had an atom per cent excess of C™ in the 
carboxyl carbon of 1.339. 
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Experiment C: Corn oil containing the synthetic triglyceride 
labeled with palmitic acid-1-C%. 4.0 gm. of the labeled tri- 
glyceride were dissolved in 38.0 gm. of corn oil. The atom per 
cent excess of the C™ of the carboxyl carbon of the fatty acid 
mixture obtained after saponification was 0.122. 

In a fourth experiment corn oil containing free palmitic acid- 
1-C% also was fed to the patient as in Experiment B. However, 
the isotope concentration of the fatty acid mixture after saponifi- 
cation was too low to permit accurate calculations to be made, 
and this experiment is not reported. 

Extraction and Fractionation of Lipides—The pH of the urine 
was taken to about 4 by addition of n HOAc, and the acidified 
urine sample was made up to 500 ml. with water. Half was 
transferred to each of two tubes of a preparative, 10 tube, all 
glass countercurrent machine with 500 ml. lower phase volumes. 
250 ml. of 95 per cent ethanol, 250 ml. of ethyl ether, and 250 
ml. of n-heptane were successively added to each tube, with 
mixing. The urinary lipides were extracted and freed of non- 
lipide contaminants by countercurrent distribution, as previously 
described (10). This procedure extracts 99 per cent of the tri- 
glycerides, fatty acids, sterols and sterol esters, but the phos- 
pholipides are incompletely extracted. Therefore, in Experi- 
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ment B the lipides and proteins were coprecipitated with zinc 
hydroxide (11), and the lipides were extracted from the pre- 
cipitate six times with ethanol-ether, 3:1. The extracts were 
pooled, the solvent was evaporated at low temperature, and the 
total mixed lipides were taken up in petroleum ether (b.p., 
60-70°) and made to volume. Aliquots were taken for deter- 
mination of weight (12), lipide phosphorus (13), and free and 
total cholesterol (14). The remainder of the mixture was sub- 
jected to chromatography on silicic acid in order to obtain a 
glyceride-cholesterol ester-fatty acid-cholesterol fraction and a 
phospholipide fraction (15). Then, the nonesterified fatty acids 
were removed from the first fraction by chromatography on 
Amberlite IRA-400 and were recovered by discharging the 
resin with 10 per cent HOAc in ethyl ether (8). Certain samples 
of the residual neutral fat fraction (glycerides, cholesterol, and 
cholesterol esters) were then subjected to chromatography on 
silicic acid for separation of cholesterol esters and tri-, di-, and 
monoglycerides (15). No significant amounts of material were 
found in the diglyceride fraction. Since cholesterol was eluted 
in the monoglyceride fraction, titrations with periodate were 
performed according to Martin (16), to obtain total monogly- 
ceride values. 


TaBLeE I 
Composition of the urinary lipides in three experiments 
Feedings: Experiment A, oleic acid-1-C"* as triglyceride (40 gm. of labeled triglycerides); Experiment B, free oleic acid-1-C" dis- 
solved in corn oil (40 gm. of fat containing labeled free acid); and Experiment C, palmitic acid-1-C" as triglyceride (40 gm. of la- 


beled triglycerides). 
































Cholesterol Fatty acids, as per cent of total fatty acids 
No. of eS ee Total fat ie" od — mre ~* 7 = : ) 
Free Total ge | Nonesterified | Glyceride | Phospholipide* 
; i i gm. gm. ee a. ’ mg. % % | % T a 
Experiment A 
3 0.969 0.979 17 56 2.7 nt 3) oe 4 
6 2.175 1.703 24 66 1.8 5.6 | 92.6 
9 2.036 1.637 21 52 1.4 43.) 268 
12 2.520 1.903 25 59 . oe 3.2 | 95.5 
15 1.870 1.418 20 49 1.4 | 8 89.9 | 
| | 
| | 
Total 9.570 7.640 107 282 | 
Mean I 6.3 91.9 
| | 
Experiment B | 
3 0.435 0.305 14 52 8.5 | 12.6 70.0 | 9.3 
6 2.303 1.574 22 53 1.3 | 8.6 80.3 10.4 
9 2.969 1.902 18 48 1.2 2.9 87.9 7.0 
12 1.988 1.621 19 45 1.2 5.0 86.8 8.0 
15 0.690 0.424 12 32 3.4 | 10.5 71.9 15.0 
Total 8.385 5.826 85 230 | 
Mean 3.0 7.9 79.4 9.9 
| | 
Experiment C | 
3 1.481 1.212 11 24 2.3 | 11.0 83.6 3.2 
6 2.856 2.258 12 43 1.0 4.5 91.2 3.3 
9 2.344 1.757 6 14 1.0 4.7 90.8 3.5 
12 2.075 1.647 12 27 i ee 90.5 3.4 
15 0.625 0.456 13 36 3.0 | 12.6 79.6 5.4 
| | 
Total 9.381 7.330 54 144 | | 
Mean | ie 7.4 87.0 | 3.7 











* Phospholipides were not completely extracted in Experiments A and C. 
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The lipides in aliquots of the test meals were extracted after 
acidifying the formula to pH 4 with n HOAc, and the same 
extraction scheme was used as described above for extraction 
of the lipides from the urine. For this purpose a countercurrent 
machine with five tubes and 10 ml. lower phase volumes was 
used, 10 transfers being made. 

Fatty acids from the various neutral fat fractions in the uri- 
nary lipides were obtained by saponification at room tempera- 
ture with 4 per cent KOH in 95 per cent ethanol and petroleum 
ether (17). Nonsaponifiables were extracted from the soaps in 
the alkaline ethanol phase, and the soaps were converted to acids 
and quantitatively recovered with petrol ether. In order to 
hydrolize the phospholipides they were refluxed with 10 per cent 
KOH in 50 per cent methanol for 2 hours; after acidification the 
fatty acids were recovered in ethyl ether. 

C™ Analyses—The isotope content of the carboxyl carbon of 
all fatty acid fractions was determined after decarboxylation in 
the Schmidt reaction according to Blomstrand (18). The C™% 
excess of the BaC"O, formed was then determined by the mass 
spectrographic unit of the Chemical Division of the Karolinska 
Institut, Stockholm, Sweden. 


RESULTS 


On all test days the patient received a total of 42 gm. of dietary 
fat (test fat, 40 gm.; formula fat, 2 gm.). The percentage of 
dietary fat recovered in the urine was calculated from the iso- 
topic data and was found to be 17.6, 11.9, and 17.8 per cent, 
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respectively. The recoveries calculated from the quantitative 
data (Table I), 18.2, 13.9, and 17.5 per cent, were in good 
agreement. Since no significant amount of labeled fats was 
found in the feces it was concluded that 100 per cent of the dietary 
fat was absorbed in each experiment. Therefore, the absorption 
figures given above indicate the functional size of the shunt of 
intestinal lymph into the urinary tract. They agree well with 
the shunt size estimated previously (6) to be about 20 per cent 
on the basis of recovery of various levels of dietary fats. 

The compositions of the urinary fats after the different fat 
mixtures had been fed to the patient are shown in Table I. The 
distribution of the fatty acids in the three experiments was about 
the same. The composition pattern is most meaningful in 
Experiment B, in which the phospholipides were completely 
extracted. About 80 per cent of the total fatty acids were 
present as triglycerides, about 10 per cent as phospholipides, 
3 per cent in the cholesterol esters, and the remaining 8 per cent 
of the total acids was nonesterified. In the same experiment the 
glycerides were separated into tri-, di-, and monoglyceride frac- 
tions. Diglycerides were not detectable in any of the five speci- 
mens. The “apparent” monoglyceride content of the lipides 
was only 0 to 3.6 per cent, the mean being 1.2 per cent. Since 
we lack definitive proof of the identity of this very small “mono- 
glyceride” fraction, the existence of this material in chyle is 
held in serious question. 

The distribution of the labeled fatty acids in the various 


fractions of the urine lipides is shown in Table II. In Experi- 


TaBLeE II 


Distribution of isotopic fatty acids in urinary lipides in three experiments 
Feedings: Experiment A, oleic acid-1-C" as triglyceride dissolved in corn oil; atom per cent excess of carboxyl C™ of the fatty acids 
of the fed mixture was 0.512. Experiment B, oleic acid-1-C"* as free acid dissolved in corn oil; atom per cent excess of carboxyl C™ 
of the fatty acids of the fed mixture was 1.339. Experiment C, palmitic acid-1-C" as triglyceride dissolved in corn oil; atom per 
cent excess of carboxyl C"* of the fatty acids of the fed mixture was 0.122. 





Atom per cent excess of carboxyl C™ 


No. of hours after oral administration | __ 


! 
| Per cent distribution of total carboxyl C" recovered in 


urinary lipides 





at 7 a.m. \~ 
Neutral fat* 
fatty acids | 


Nonesterified 
fatty acids 











Experiment A 


3 0.462 0.020 
6 | 0.465 0.020 
9 0.460 0.020 
12 | 0.460 | 0.040 
15 0.435 0.115 
| 
Experiment B | 
3 | 0.704 0.304 
6 1.260 0.300 
9 1.194 0.444 
12 | 1.084 
15 1.000 0.234 
Experiment C | 
3 0.120 0.020 
6 0.125 0.020 
9 0.110 | 
12 0.120 | 0.024 
15 0.120 | 


| 
= 
| 
| 





| 


It 
)) 


| 
Phospholipidet | 








Neutral fat* 








f Nonesterified |  Phospholipidet 
fatty acids fatty acids fatty acids fatty acids 
a ia a a a 
99.5 0.5 
99.7 0.3 
99.7 0.3 | 
99.7 0.3 | 
97.3 | 2.3 | 
} 
92.6 7.4 
0.319 94.5 2.4 3.1 
0.443 96.9 1.2 2.9 
1.164 91.0 9.0 
0.404 | 89.5 2.9 7.6 
97.4 2.6 
Oaey 99.3 0.7 | 
0.035 | 99.4 0.6 | 
| | 














* Neutral fat fatty acids = triglycerides and cholesterol ester fatty acids. There were not sufficient cholesterol esters to permit 


separate C™ analysis of this fraction. 


t Phospholipides were completely extracted from urine only in Experiment B. 
t The phospholipide fatty acids were pooled as indicated for isotope determination. 
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Fig. 1. Atom per cent excess of carboxyl C* of urinary neutral 
fat (triglyceride and cholesterol ester) fatty acids, O, and non- 
esterified fatty acids, @, relative to that of fatty acids in test 
meal containing oleic acid-1-C™ as triglyceride dissolved in corn 
oil (Experiment A). 
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Fig. 2. Atom per cent excess of carboxyl C* of urinary neutral 
fat ‘triglyceride and cholesterol ester) fatty acids, O, nonesteri- 
fied fatty acids, @, and phospholipide fatty acids, A, relative to 
that of fatty acids in test meal containing oleic acid-1-C" as free 
acid dissolved in corn oil (Experiment B). 
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Fig. 3. Atom per cent excess of carboxyl C" of urinary neutral 
fat (triglyceride and cholesterol ester) fatty acids, O, and non- 
esterified fatty acids, @, relative to that of fatty acids in test 
meal containing palmitic acid-1-C™ as triglyceride dissolved in 
corn oil (Experiment C). 
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ment B 90 to 96 per cent of the isotopically labeled acids was 
recovered in the neutral fat fraction (glycerides and cholesterol 
esters), 3 to 9 per cent in the phospholipides, and 1 to 7 per cent 
in the nonesterified fatty acids. The content of C® in cholesterol 
ester fatty acids, determined after isolation of this fraction by 
silicic acid chromatography, was too low to permit accurate 
analysis. Therefore, the tagged acids in the neutral fat fraction 
were present almost entirely as triglycerides. These figures, 
as well as those of Experiments A and C, agree well with the 
recoveries based on nonisotopic data, listed in Table I. 

In Experiment A (triglycerides composed in part of oleic-1- 
C) and in Experiment C (triglycerides composed in part of 
palmitic-1-C") striking similarities were noted in the amount of 
fat in the various fractions, the total recoveries of isotopic fatty 
acids, and the distribution of labeled acids in the various frac- 
tions. Thus, it is clear that palmitic and oleic acids fed to the 
patient in the form of triglycerides are digested and absorbed by 
the intestine in similar fashion, that is, at the same rate, to the 
same degree, and in the same types of ester linkages. 

In Experiment B (free oleic acid-1-C™ dissolved in corn oil 
glycerides) the percental recovery of dietary fat in the 15 hour 
urine collection period was somewhat less than in Experiments A 
and C but was of the same order of magnitude whether calculated 
on the basis of total fat or labeled acids. Moreover, the average 
incorporation of isotopic acid into the three groups of urinary 
lipides was similar in the three experiments. These results are 
reasonable if in the three experimental conditions a similar 
distribution of intraluminal lipides (tri-, di-, and monoglyceride 
and nonesterified fatty acids) is produced by rapid hydrolysis 
of triglyceride fat in the small intestine. Recent studies by 
Borgstrém et al. (19) of fat digestion in man prove that an ex- 
plosive hydrolysis of triglycerides occurs in the duodenum. 

Inspection of the time-course curves in the three experiments 
shows some interesting differences (Figs. 1 to3). In these figures 
the relative excess of carboxy] C™ is plotted; that is, the ratio 
of the atom per cent excess found to that given in the diet, mul- 
tiplied by 100. In Experiment A the carboxyl C™ atom per 
cent excess of the dietary fatty acids was 0.512 (after dilution of 
the richly labeled acids with inactive acids in the corn oil), 
whereas the excess of the neutral fat fatty acids at 3 hours was 
0.462, giving a 90 per cent relative excess. In Experiments A 
and C, in which no free acid was fed to the patient in the test 
meal, the relative excess of the neutral fat fatty acids was maxi- 
mal at 3 hours and remained fixed throughout the 15 hour test 
period. By contrast, in Experiment B, in which the test meal 
consisted of labeled free oleic acid dissolved in corn oil, the 
relative excess of the neutral fat fatty acids did not reach its 
maximum until 6 hours, and there was some decline at 15 hours. 

In all experiments the relative excess of the nonesterified fatty 
acids in the urinary lipides was low, rarely more than 20 per cent. 
In the only experiment where the phospholipide data are sig- 
nificant (Experiment B), the relative excess of the phospholipide 
fatty acids was similarly low in all specimens except that at 12 
hours. We cannot be certain that this 12 hour datum is not a 
technical error. 


DISCUSSION 


The functional size of the shunt of chyle into the urine in this 
patient has been discussed in the first paper in this series (6). 
On the basis of recovery of various doses of dietary fat, after 
correction for a small base-line excretion during the ingestion 
of the “fat-free” diet, the shunt size was estimated at about 
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20 per cent. In those calculations it was assumed that the 
dietary fat was totally absorbed. The present data validate this 
assumption, since it was demonstrated here that the labeled 
acids administered were completely absorbed. In the present 
studies the use of labeled acids made it unnecessary to correct 
for any base-line excretion on the “fat-free” diet; here direct 
measurements indicated a shunt size of 12 to 18 per cent. 

The data of this report demonstrate that oleic and palmitic 
acids incorporated in dietary triglycerides become esterified with 
the same classes of lipides in intestinal lymph and at the same 
rate. Evidently the digestion of these glycerides in the intestinal 
lumen is comparable, as well as their transfer into the intestinal 
mucosa and resynthesis into lymph lipides. These results are 
in conformity with the animal experiments of Bergstrém et al. 
(1), Blomstrand (2), Freeman and Ivy (20), and Bollman et al. 
(21), and with the clinical studies of Munk and Rosenstein (4) 
and Fernandes et al. (5). 

The differences observed in the feeding of oleic acid as tri- 
glyceride and as the free acid dissolved in triglyceride were not 
marked. Although the rapidity of incorporation of the labeled 
free acid into lymph neutral fats was somewhat less when esteri- 
fied oleic acid was given, at 6 hours after the test meals the 
distribution of labeled acids in the lymph lipides was indistin- 
guishable in Experiments A, B, and C. These results are at 
variance with two previous studies from our laboratories. Borg- 
strom (22) found that in rats labeled free palmitic acid was 
absorbed, during the first 2 hours, more rapidly when it was 
dissolved in corn oil than when this isotope was fed as the tri- 
glyceride ester. In his case the atom per cent excess of the 
lymph neutral fat fatty acids was even higher than that of the 
mixed dietary fatty acids, thus the relative excess was greater 
than 100. Our results in Experiment B failed to indicate this 
preferential absorption of free fatty acid, but in our experiment 
free acid constituted a larger proportion of the dietary fat mix- 
ture than in Borgstrém’s test on rats. Secondly, the study 
made by Ahrens and Borgstrém (23) of intraluminal lipides dur- 
ing fat digestion in man suggested that free fatty acids may be 
absorbed more rapidly than glyceride acids. That evidence was 
based on the disappearance of labeled acids from the chyme. 
Since calculations made from such measurements are inherently 
less reliable than when the appearance of labeled acids in the 
chyle is studied, it is hoped that in the future it may be possible 
to study both sides of the intestinal mucosa simultaneously in 
man by the methods described in these two reports. 

The high relative excess of the neutral fat fatty acids (choles- 
terol esters and triglycerides) of the lymph lipides in all three 
experiments indicates that more than 90 per cent of these acids 
were of dietary origin, whereas the finding of at most a 20 per 
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cent relative excess in the phospholipide fatty acids shows that 
at least four-fifths of these acids in the lymph were of endogenous 
origin. A selective process of incorporation of fatty acids into 
the two lipide classes must occur in the intestinal mucosa, per- 
mitting far more rapid incorporation of absorbed fatty acids into 
the neutral fats than into phospholipides. Indeed, the lower 
relative excess in the phospholipide fatty acids seems to rule out 
the possibility that the lymph phospholipides might be pre- 
cursors of the lymph triglycerides. 

The significance and origin of the nonesterified fatty acid 
fraction of the intestinal lymph during fat absorption has been 
much debated. In the present experiments the nonesterified 
fatty acids were obtained by isolation on the ion exchange resin, 
Amberlite IRA-400, and amounted to about 7 per cent of the 
total lymph acids (Table I). These figures are of the same 
order of magnitude as those reported by Reller et al. (25), but 
are lower than those reported by Young and Freeman (26). 
Since in the present experiments the relative excess of the non- 
esterified fatty acid fraction was distinctly lower than that of 
the neutral fat fraction, the major part of the nonesterified 
fatty acids of the lymph must have been derived from sources 
other than newly absorbed fatty acids, just as in the case of 
the phospholipide fatty acids. 


SUMMARY 


Carboxyl-labeled oleic and palmitic acids were fed as free 
acids and as triglyceride esters to a patient with chyluria, and 
the incorporation of these acids into the various lipide classes 
of the lymph was followed. The absorption of these test fats 
was close to 100 per cent in all experiments. 

Oleic acid was transported via the lymphatic pathway and 
incorporated into triglycerides, phospholipides, and nonesterified 
fatty acids to the same extent as palmitic acid. Chyle tri- 
glycerides constituted the main transport form of both oleic 
and palmitic acids (about 90 per cent of the total amount of 
isotope in the lymph). About 3 to 9 per cent of the isotope 
was incorporated into the phospholipides and 1 to 7 per cent 
in the nonesterified fatty acids. 

Measurements of the isotope concentrations in the separated 
lymph lipide fatty acids, relative to those in the fatty acid 
mixtures that were fed to the patient, indicated that about 90 
per cent of the chyle triglycerides were of dietary origin, but 
that at most 20 per cent of the phospholipide and nonesterified 
fatty acids were derived from absorbed acids. The data indicate 
that the latter two groups of acids in human lymph are largely 
of endogenous origin and could not be precursors of the tri- 
glyceride acids in chyle. 
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Absorption of Fats Studied in a Patient with Chyluria*® 


Ill. CHOLESTEROL 
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Precise definition of the fate of ingested cholesterol in man is 
made difficult by the existence of an enterohepatic circulating 
pool of unknown size, by varying degrees of dilution with endog- 
enously synthesized cholesterol, and by the formation in the in- 
testinal lumen of an array of compounds not easily distinguished 
from cholesterol and bile acids. Thus, a simple balance tech- 
nique which utilizes as basic data the total sterol intakes and 
outputs necessarily overlooks the contribution of endogenous 
synthesis and the deficits created by conversion of cholesterol 
to bile acids. Stanley and Cheng (1) have discussed the diffi- 
culties in experimental design created by the endogenous circu- 
lation of cholesterol between the liver and the intestinal lumen, 
and have proposed an ingenious method for studying in intact 
man the quantitative aspects of secretion, reabsorption, and 
excretion of cholesterol. More recently, Hellman et al. (2) 
described a “labeled sterol balance technique”? which permits 
the calculation of net gains and losses in the total readily ex- 
changeable pool of cholesterol. 

The present report is concerned with two aspects of this 
process in man, namely, the percentage absorption of orally 
administered cholesterol and the size of the enterohepatic circu- 
lating pool. The study was conducted during stable metabolic 
conditions in a patient with chyluria, whose lesion made possible 
a direct measurement of absorbed cholesterol-4-C". It was 
shown that cholesterol absorption was decreased by simultaneous 
administration of 6-sitosterol. In addition, the amount of re- 
circulated cholesterol was found to vary directly with the intake 
of dietary fat. 


EXPERIMENTAL 


Subject—The subject of this investigation was a 52 year-old 
Puerto Rican woman with chyluria. In a previous clinical 
report (3) it was shown that there was an anomalous connection 
between the intestinal lymphatics and the left renal pelvis; a 
number of studies of fat absorption were described. After a 2 
week leave of absence from the hospital she was readmitted for 
the present investigation. Permission for use of cholesterol-4-C™ 
was granted by the Atomic Energy Commission. 

Labeled Material—Cholesterol-4-C" was obtained from Beta 
Laboratories, Inc., Philadelphia, Pennsylvania, and had a spe- 
cific activity of 2.4 ue. per mg. The labeled cholesterol was 
purified through the digitonide and dibromide. 

Metabolic Design—The basic diet consisted of a liquid mixture 
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prepared from glucose, milk protein, and water. Mineral and 
vitamin requirements were separately provided (3). The 
patient received 295 gm. (368 calories) at 7 and 10 a.m. and at 
1, 4, and 7 p.m. These 1840 calories allowed maintenance of 
body weight (57 kilos), provided 15 per cent of calories as pro- 
tein, and furnished only 2 gm. of fat (unavoidably contained 
in the protein source) daily. Tea, coffee, and water were per- 
mitted ad libitum. Intake and output records were kept. Urine 
collected at 3 hour intervals for 15 hours after the test meal 
was measured and mixed immediately with an equal volume of 
95 per cent EtOH and stored at 4° until analyzed. 

Test Meals—At 4 day intervals different test meals were 
prepared by blending the test ingredients into the 7 a.m. aliquot 
of the daily diet. Three experiments were performed: 

Experiment A: Corn oil containing cholesterol-4-C™. 8.3 mg. 
of labeled cholesterol (20 ye.) dissolved in 20 gm. of corn oil 
was blended into the formula. 

Experiment B: Cholesterol-4-C™ suspended in the “fat-free” 
formula. 8.3 mg. of labeled cholesterol (20 ue.) were dissolved 
in a small amount of ether and added to the formula. The 
ether was evaporated while the formula was gently warmed and 
shaken. 

Experiment C: Corn oil containing cholesterol-4-C™ and 
B-sitosterol. 8.3 mg. of labeled cholesterol (20 ye.) was dis- 
solved in 20 gm. of warm corn oil containing 5 gm. of 8-sitosterol. 
The mixture was blended into the formula immediately before 
ingestion. 

In each day’s intake of formula there were 36 mg. of choles- 
terol in the lipide contained in the milk protein product used. 
Thus, on each test day the patient received approximately 44 
mg. of exogenous cholesterol. This represented a small addition 
to the endogenous cholesterol secreted into the intestinal tract; 
according to Cheng and Stanley (4) this circulating entero- 
hepatic pool of cholesterol may amount to 1 to 2 gm. per day. 
Choice of the 5 gm. dose of 6-sitosterol in Experiment C was 
based on this consideration and on the data of Peterson (5), 
who showed in chicks that a 2:1 ratio of 8-sitosterol to cholesterol 
prevented the absorption of cholesterol. 

Extraction and Fractionation of Urinary Lipides—The urinary 
lipides were extracted by countercurrent distribution, as pre- 
viously described (6) for intestinal lipides. The pH of the 
urine was adjusted to about 4 by addition of n HOAc, and the 
acidified urine was diluted to 500 ml. with water. Half of the 
volume was transferred to each of two tubes of a preparative 
10 tube, all glass countercurrent apparatus with 500 ml. lower 
phase volumes (7); and 250 ml. of 95 per cent ethanol, 250 ml. 
of ethyl ether, and 250 ml. of n-heptane were successively added 
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TABLE I 
Recovery and distribution of cholesterol-4-C'4 in three experiments 
Feedings: Experiment A, 8.3 mg. of cholesterol-4-C' dissolved 
in 20 gm. of corn oil; Experiment B, 8.3 mg. of cholesterol-4-C™ 
suspended in a ‘“‘fat-free’’ formula; Experiment C, 8.3 mg. of 
cholesterol-4-C™ dissolved in 20 gm. of corn oil together with 5 
gm. of 8-sitosterol. 
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Fic. 2. Time-course of cholesterol absorption as influenced by 
B-sitosterol. 20 gm. of corn oil containing 5 gm. sitosterol and 
20 we. of cholesterol-4-C'* was fed (total urinary lipides, O; total 
C'*-cholesterol, @; and esterified cholesterol-C™, A). 


to each tube, with mixing. After equilibration this mixture 
separated into two phases of equal volume. 500 ml. of pre- 
viously equilibrated lower phase of the system (n-heptane, 
ethyl ether, 95 per cent ethanol, and water in equal volumes) 
were added to the remaining tubes of the machine. Eight 500 
ml. volumes of upper phase of this system were carried across 
the stationary lower phases with equilibration at each step. The 
eight withdrawn upper phases were pooled and the solvent was 
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evaporated. This procedure extracts 99 per cent of the glyc- 
erides, fatty acids, sterols, and sterol esters and is free of non- 
lipide contaminants. The fatty residue was finally taken up in 
petroleum ether (b.p., 60-70°) and made to suitable volume. 
Aliquots were taken for determination of weight (8), and free 
and total cholesterol were assayed according to Sperry and 
Webb (9). 

C™ Analyses—After plating aliquots of the total extract in an 
infinitely thin layer on aluminum planchets, the total C“ con- 
tent of the lymph was determined with a conventional gas flow 
counter. All samples were counted for at least 1000 counts 
with a background of 30 ¢.p.m. Aliquots of the extract from 
different lymph samples were hydrolyzed; the nonsaponifiable 
material isolated from the fatty acids contained all the C™ 
activity. The radioactive material in this hydrolysate com- 
bined completely with digitonin. 

For determination of the partition of the C™ between the 
cholesterol esters and the free cholesterol, the total extract was 
subjected to chromatography on silicic acid (10). The choles- 
terol esters were eluted with petroleum ether-benzene (8:2), 
and the free cholesterol and triglycerides with chloroform. After 
hydrolysis of the respective fractions the nonsaponifiable ma- 
terial was extracted and plated on aluminum planchets in in- 
finitely thin layers for counting. The results of this procedure 
were found to be similar to those obtained by the method of 
Daskalakis and Chaikoff (11), in which the C™ activity in cho- 
lesterol digitonides before and after hydrolysis is determined. 


RESULTS 


The labeled cholesterol administered and the amount of 
cholesterol recovered in the urinary lipides are shown in Table I, 
as well as the percentages of labeled and total cholesterol pres- 
ent as cholesterol esters. The amount of total cholesterol 
excreted on the 3 test days was surprisingly constant (364, 333, 
and 351 mg.). The amount of labeled cholesterol recovered 
was of about the same magnitude whether the cholesterol was 
administered in the “fat-free” formula with corn oil (Experi- 
ment A) or without it (Experiment B). On the other hand, 
when cholesterol was administered with corn oil and sistosterol 
(Experiment C), a distinctly smaller amount of radioactivity 
appeared in the urinary lipides. In all experiments there was 
excellent agreement between the colorimetric (9) and radio- 
activity assays of the percentage of cholesterol esters. When 
corn oil was administered with the labeled cholesterol, the per- 
centage of esters was in the range of 60 per cent (Experiments 
AandC). The percentage of esters rose to 80 per cent when the 
labeled cholesterol was administered in the “fat-free” formula 
because of an absolute decrease in free cholesterol in the urinary 
lipides. 

Figs. 1 and 2 illustrate the time-course curves of Experiments 
Aand C. In Experiment A it is seen that the absorption peaks 
of the labeled total and esterified cholesterol were simultane- 
ous, and both occurred 3 hours later than the total lipide peak. 
When £-sitosterol was administered (Experiment C), the cho- 
lesterol absorption curves were low and flat (Fig. 2). 


DISCUSSION 


The “fat-free” formula on which the patient was maintained 
throughout these experiments contained 2 gm. of fat per day’s 
intake. In Experiment B, when this formula was administered 
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as the test meal, 2.1 gm. of total fat was found in the urine 
(Table I). This base-line excretion of fat was higher than the 
mean of 1.65 + 0.2 gm. noted previously (3). In Experiments 
A and C the test meal contained 20 gm. of corn oil and the uri- 
nary lipides totaled 9.8 and 10.9 gm., respectively. If these 
excretions are corrected for the base-line loss found in Experi- 
ment B, it is seen that 40 per cent of the fat ingested on those 
days was shunted into the urine. This contrasts with the shunt 
size of 20 per cent found in earlier experimental periods (3, 12). 
We have no explanation for the apparent enlargement of the 
shunt after 2 weeks’ leave at home. Since at the time of the 
present studies 40 per cent of the ingested fat was shunted into 
the urine, it is postulated that 40 per cent of the absorbed cho- 
lesterol also was diverted. This assumption is based on the 
findings of Chaikoff et al. (13), who showed that cholesterol is 
absorbed only via the lymphatic system. 

During these tests the load of exogenous cholesterol was ex- 
ceedingly small (44 mg. on test days and 36 mg. on intervening 
days). Yet 333 to 364 mg. of cholesterol were found in the 
urine on each of the test days. Obviously, a large part of this 
excretion must have arisen endogenously. An accurate calcu- 
lation of the extent of this source can be made from the isotope 
data, which shows that 98 per cent or more was of endogenous 
origin. Since the total activity of the cholesterol-4-C™ admin- 
istered was 3.0 X 10’ c.p.m. and the total amount of cholesterol 
administered was 44 mg., the specific activity of the cholesterol 
administered was 681,000 ¢.p.m. per mg. In Experiment A 
the specific activity of the urinary cholesterol was 1.99 x 10° 
c.p.m./364 mg., or 5470 c.p.m. per mg. The relation of the 
specific activity of the urinary cholesterol to the administered 
cholesterol indicates the dilution of the administered cholesterol 
by endogenous cholesterol: 5470/681,000 x 100, or 0.81. There- 
fore, 99.2 per cent of the urinary cholesterol was of endogenous 
origin in Experiment A. Similarly, in Experiments B and C 
98.8 and 99.6 per cent of the urinary cholesterol was of endog- 
enous origin. 

The circulating enterohepatic pool of cholesterol represents 
the amount reabsorbed from the intestinal lumen plus that 
synthesized by the intestine plus that transferred in lipoproteins 
from the blood stream to the lymphatics of the intestine. Study 
of a patient with chyluria offers a unique opportunity to estimate 
this pool size directly, when a known portion of the chyle is 
shunted into the urine. We have estimated this pool size under 
three experimental conditions. In the earliest reported studies 
of our patient the urinary excretion of total cholesterol was 
200 + 51 mg. per 24 hours on 22 days when the “fat-free’’ for- 
mula was administered (Table I, Blomstrand et al. (3)). Cor- 
recting for a shunt size of 20 per cent at that time, the amount 
of cholesterol transported each day in the intestinal lymphatics 
on this very low fat diet was 1.0 gm. In the second study of 
this series (12), the total cholesterol excreted in 15 hours was 
280, 230, and 144 mg. when the daily fat intake was 42 gm. 
The shunt size, measured directly by assay of labeled fatty 
acids, was found to be 17.6, 11.9, and 17.8 per cent. From these 
15 hour data the circulating pool of cholesterol can be estimated 
to be 2.5, 3.1, and 1.3 gm. per day. In the present experiments 
with dietary fat intakes of 22, 2, and 22 gm. per day there were 
totals of 364, 333, and 351 mg. of cholesterol in the urinary 
lipides in 15 hours, with a shunt size of 40 per cent. Thus, 
the total recirculated cholesterol on 3 test days is estimated to 
be 1.45, 1.33, and 1.40 gm. It is seen that about 1 gm. of cho- 
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lesterol was recirculated when the dietary fat intake was 2 gm. 
per day; 1.3 to 1.5 gm. when 20 gm. of dietary fat were ad- 
ministered per day; and 1.3 to 3.1 gm. when the dietary fat 
totaled 42 gm. per day. Thus, it appears that the amount of 
cholesterol secreted and reabsorbed (and conceivably also syn- 
thesized in the intestine) is dependent on the total dietary fat 
intake: the more dietary fat, the more recirculated cholesterol. 
These approximations are consistent with the conclusions reached 
indirectly by Cheng and Stanley (4), who found that the amount 
of cholesterol secreted, reabsorbed, and excreted was directly 
proportional to the dietary fat intake. 

Our various estimates define the approximate size of a physio- 
logical compartment not hitherto directly measured in man. 
Had the interruption in lymphatic flow in this patient been 
complete, with a 100 per cent shunt of reabsorbed cholesterol 
instead of the 20 and 40 per cent shunts described, homeostatic 
regulation of cholesterol and bile acid interrelationships in the 
liver would have been seriously impaired, and our estimates of 
circulating enterohepatic cholesterol pool size less meaningful. 

Table I shows that in Experiments A and B, 7 and 9 per cent 
of the ingested labeled cholesterol was excreted in the urine in 
15 hours after administration of the test meals. The difference 
due to presence or absence of corn oil in the test meals seems 
insignificant. Correcting the absorption data for the shunt 
size of 40 per cent, it is calculated that on the 2 test days 16.5 
and 22.8 per cent of total ingested cholesterol was actually 
absorbed. Similar estimates have been made recently by 
Hellman! in studies of the thoracic duct chyle of patients fed 
cholesterol-4-C™. We cannot explain the much higher absorp- 
tion data obtained by others (1, 14-17) who measured fecal 
sterols and calculated absorption from balance data. 

When labeled cholesterol was administered with sitosterol 
(Experiment C), less than half as much cholesterol was absorbed 
as in the other two experiments, and the rate of absorption was 
markedly diminished. Gould et al. (18) showed that sitosterol 
is absorbed through the intestinal mucosa in rats and in man. 
The close correspondence between the colorimetric (9) and 
radioactivity estimations of free and esterified cholesterol 
(Table I) indicates that in our experiment no appreciable techni- 
cal error in the colorimetric estimation of cholesterol was pro- 
duced by absorbed sitosterol. Although it has been amply 
demonstrated that §-sitosterol inhibits cholesterol absorption 
in animals (5), we are not aware of any previous data on this 
point in human beings. This action may in part explain the 
depression of serum cholesterol levels obtained by Best et al. (19) 
and others when 6-sitosterol was administered orally to patients. 

Despite differences in absorption of exogenous cholesterol in 
Experiments A and C, there was no striking change in the 
degree of esterification of the cholesterol in the urinary lipides. 
In these experiments about 60 per cent of the chyle cholesterol 
was esterified, as shown previously in studies of thoracic duct 
lymph by Miiller (20) in the dog, Bierman et al. (21) and 
Blomstrand and Linder® in man, and Chaikoff (13) and Borg- 
strém (22) in the rat. Our data indicate that sitosterol does 
not alter the final degree of cholesterol esterification, whether 
this is accomplished in the chyme or in the mucosa. Similar 
conclusions have been reached by Daskalakis and Chaikoff (11), 
who tested dihydrocholesterol and ergosterol. 

The curve labeled cholesterol absorption in Fig. 1 showed a 

1 Personal communication. 

? Unpublished observations. 
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maximum at 9 hours. On the other hand, Hellman et al. (14) 
found that after oral administration of labeled cholesterol the 
peak of specific activity in the plasma did not occur until the sec- 
ond or third day. The present data are consistent with their 
view that dietary cholesterol is poorly but rapidly absorbed from 
the intestine, carried to the blood in chyle chylomicrons, and 
rapidly removed from the plasma. It then reappears in the 
plasma slowly, many hours later, in lipoproteins of higher den- 
sity. In view of recent studies of the effects of unsaturated fats 
on serum cholesterol levels (23) and the demonstration that 
cholesterol excretion by the intestine is controlled in part by the 
composition of the dietary fat (2), it will be of interest to compare 
the effect of variously constituted dietary fats on the absorption 
of labeled cholesterol in other patients with chyluria. 


Fats in Patient with Chyrulia. 


III 


Vol. 233, No. 2 


SUMMARY 


The absorption of dietary cholesterol-4-C™ has been tested 
in a patient with chyluria who shunted 40 per cent of absorbed 
dietary fat into her urine. Whether given with or without fat, 
about 20 per cent of the administered cholesterol was absorbed 
in 15 hours. The peak of labeled cholesterol absorption oc- 
curred at 9 hours, that of fat absorption 3 hours earlier. 60 
to 80 per cent of the cholesterol in the chyle was in the esterified 
form. Cholesterol absorption was reduced about 50 per cent 
by the simultaneous administration of {-sitosterol. Under 
various conditions of fat intake, 1 to 3 gm. of cholesterol were 
transported each day from the intestine to the blood stream 
via the chyle: the greater the fat intake, the larger the pool of 
recirculated cholesterol. 
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Because of the sensitivity of some steroid sulfates to acid 
and to heat, mild methods of hydrolysis for these conjugates have 
been continuously sought. Alone among those chemical 
methods which have been suggested (1), the procedure consist- 
ing of the exhaustive continuous extraction of appropriately 
acidified aqueous solutions of these conjugates with ether (2, 3) 
has found wide use since it is practical and does not result in 
artifact formation. Although this method has been successfully 
applied to urines and to blood (4), the mechanism of this hydroly- 
sis has not been well understood. That this type of hydrolysis 
does not occur as a result of simple displacement of the equilib- 
rium, ROSO;H + HO = ROH + H,SO, by the removal of the 
steroid alcohol from the aqueous phase has already been sug- 
gested (1). When an aqueous solution of PDS,’ pH 1 with 
H.SO,, was allowed to remain at room temperature overnight, 
no hydrolysis occurred despite the enormous excess of water and 
the insolubility of the product. Subsequent experience (see 
below) revealed that an acidified solution of PDS remained un- 
changed on standing for 9 days at room temperature. The 
observation that substitution of benzene for ether in the con- 
tinuous extraction of the acidified solution of PDS did not result 
in hydrolysis confirmed that equilibrium factors were not of 
principal concern. 

It is the purpose of this paper to report our efforts to elucidate 
the mechanism of the two-phase hydrolytic procedure of ketos- 
teroid sulfates and to describe mild hydrolytic procedures for 
these urinary conjugates which do not require continuous ex- 
traction apparatus. The application of these procedures to 
human urine is also illustrated. 


EXPERIMENTAL 


All solvents used were Mallinckrodt, analytical grade, and were 
redistilled without further purification with the exception of the 
ether which was redistilled over KOH before use. The latter 
procedure gives peroxide-free ether, as determined with acidified 
KI or titanium sulfate solution. PDS was prepared by treating 
dehydroisoandrosterone in pyridine with a suspension of pyridine 
sulfurtrioxide according to the method of Fieser (5). It melted 
at 219° to 223° (corrected) after recrystallization from methanol 


* Supported by a research grant (No. PHS A-1083) from the 
National Institute of Arthritis and Metabolic Diseases of the 
National Institutes of Health, Department of Health, Education 
and Welfare. 

1 The abbreviations used are: PDS, potassium dehydroisoan- 
drosterone sulfate; DHS, dehydroisoandrosterone hydrogen sul- 
fate. 


(6). It was analyzed for K, as follows: 


Ciyp He, O; SK 


Calculated: K, 9.55 
Found: K, 9.02? 


The rate of hydrolysis of DHS was followed by determining 
the concentration of the liberated steroid alcohol. The free 
steroid was separated from the unchanged sulfate by distributing 
the contents of the reaction mixtures under study between one 
of the following two-phase systems: benzene:H,O, chloroform: 
H.O, methylene chloride:H,O, or ethyl acetate:H,O. The 
sulfate ester remains in the aqueous phase while the free steroid 
is quantitatively extracted by the organic phase. A quantitative 
separation of DHS from dehydroisoandrosterone was accom- 
plished by plunging aliquots of the reaction mixture, at appro- 
priate time intervals, into one of the above mentioned organic 
solvents in glass-stoppered tubes and shaking with an equal 
volume of H,O or 1 per cent NaHCO; solution. Aliquots of 
the organic phase were then filtered through filter paper and 
evaporated to dryness under a stream of nitrogen. The dehydro- 
isoandrosterone content of the residues was determined by the 
Holtorff-Koch modification of the Zimmermann reaction (7). 

The partition of PDS between the two-phase systems listed 
in Table I was determined by a technique previously described 
(8). Aqueous solutions of PDS were shaken in glass-stoppered 
tubes with organic solvents. Appropriate aliquots of the organic 
phase were withdrawn and were evaporated to dryness following 
the addition of a few drops of pyridine. The addition of pyridine 
was necessary since evaporation of a solution of the free ROSO;H 
to dryness results in decomposition with a consequent lowering 
of the Zimmermann titer. Solutions of the pyridinium salts 
are stable and may be evaporated without difficulty. 

Urinary extracts were chromatographed by the gradient 
elution technique on alumina (9). Carbon disulfide solutions 
of the contents of the eluates comprising a chromatographic 
peak were identified by their infrared spectra using a model 12 
Perkin-Elmer infrared spectrometer. 


RESULTS 


I. Model Experiments on the Hydrolysis of DHS 


The following experiments were designed to demonstrate that 
the two-phase ether hydrolysis occurs in the ether phase and does 
not result from a displacement of equilibrium. 


* This analysis was carried out by Mr. J. Alicino, Metuchen, 
New Jersey. 
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TABLE I 


The partition of potassium dehydroisoandrosterone sulfate between 
various two-phase systems 

















Vol. of 
No. Solvent system each Corg* in yg./ml. 
phase 
1 0.1 n H.SO,: EtOAc 4 68} (K = 0.4)t 
2 1.0 n H.SO,: EtOAc 4 190¢ (K = 3.4) 
3 2.0 n H.SO,: EtOAc 4 2327 
4 0.15 m NaCl: EtOAc 4 16 
5 1.5 m NaCl: EtOAc 4 112+ (K = 0.9) 
6 3.0 m NaCl: EtOAc 4 240t 
7 3.0 m NaCl:EtOAc 0.1N 4 244F 
H.S0, 
8 2.0 n H.SO,:CH2Cl. 4 1.6§ 
9 2.0 n H.SO,:CHCl; 50 2.0§ 
10 2.0 n H.SO,: Benzene || 0.3§ 
11 0.1 n H.SO,:Ether | 50 4.7§ 
12 | 2.0 x H.SO,:Ether | 50 | 31.0§ (K = 0.3) 





* Corg, concentration in organic phase; C,q concentration in 
aqueous phase. 

t Caq before distribution = 245 yg./ml. 

1K, partition coefficient = Corg/Cag. Caq is calculated by 
difference. In those instances where C.;g was very large or very 
small numerical values are not assigned to K. 

§ Caq before distribution = 137 yg./ml. 

|| Volume of aqueous phase = 50 ml.; volume of organic phase = 
100 ml. 
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Fig. 1. Rate of hydrolysis of dehydroisoandrosterone 
hydrogen sulfate 

A. Obtained with DHS in a homogeneous reaction mixture con- 
sisting of 6 per cent ethyl acetate and 94 per cent ether saturated 
with HO (23°). The reaction mixture was prepared by extracting 
DHS from a 2 N H,SO, solution with ethyl acetate and diluting the 
resulting extract with ether saturated with water. 

B. Obtained by shaking a solution of PDS in 2 n H.SO, with an 
equal volume of ether (20°). 

C. Obtained by shaking a solution of PDS made pH 1 (H.S0O,) 
with an equal volume of ether (20°). 

D. Obtained by shaking a solution of PDS in 2 n H.SO, with an 
equal volume of benzene (20°). 
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50 ml. solutions of PDS (1.0 x 10-* M) in (a) aqueous H.»SO, 
(pH 1) and (6) aqueous 2 n H.SOy; were placed in separatory 
funnels and were vigorously shaken for about 1 minute every 2 
hours during each of 3 working days (4 times in 24 hours) with 
an equal volume of organic solvent. At various time intervals, 
aliquots were withdrawn from the organic phase and the liberated 
dehydroisoandrosterone was determined as described above. 
The results are given in Fig. 1. It is clear that under the condi- 
tions of these experiments, the nature of the solvent employed 
and the pH of the aqueous media determine the rate of hydrolysis. 
Shaking a 2 nN H,SO, solution of PDS with benzene resulted in 
only 5.7 per cent hydrolysis after 72 hours (Curve D). At pH 1 
and benzene as the organic phase, no hydrolysis took place, 
whereas at pH 1 and ether as the solvent 26 per cent hydrolysis 
was achieved (Curve C). In contrast, in 2 Nn H.SO, solution 
with ether as the solvent, hydrolysis was quantitative (Curve B) 
in 72 hours. Using CH2Cl as solvent with 2 n H.SO, as aqueous 
phase, only 7.5 per cent hydrolysis occurred after 48 hours. 
Since benzene and methylene chloride are as good extracting 
solvents for dehydroisoandrosterone as is ether, it is clear that 
hydrolysis does not proceed simply by way of constant removal 
of the liberated steroid. 

That the hydrolysis is not catalyzed by the ether in the aqueous 
phase was established as follows: 22 mg. of PDS was dissolved 
in 100 ml. of 2 n H.SO, which had previously been saturated 
with ether. After the solution had remained at room tempera- 
ture for 9 days, it was extracted with an equal volume of benzene. 
Estimation of the Zimmermann positive material extracted by 
the benzene indicated a maximal hydrolysis of 2.4 per cent. 
When the residual aqueous solution was re-extracted with ether 
by shaking at 2 hour intervals as described above, hydrolysis 
similar to that illustrated in Curve B, Fig. 1, resulted. 

Having established that the hydrolysis does not occur in the 
aqueous phase even in the presence of ether, the possibility 
suggested itself that the hydrolysis occurs in the ether phase in a 
manner somewhat akin to the hydrolysis in dioxane described 
originally by Grant and Beall (10) for estrogen sulfates and 
extended by Cohen and Oneson (11) to the hydrolysis of ketos- 
teroid sulfates. To investigate this possibility, the hydrolysis 
of DHS was carried out in homogeneous ether phase. It was 
found that DHS can be extracted from suitably acidified aqueous 
solutions using ethyl acetate as extractant. As can be seen from 
Line 3 in Table I, a quantitative extraction of DHS can be 
achieved by ethyl acetate extraction of a 2 N H.SO, solution. 
Under these conditions, DHS in ethyl acetate hydrolyzes very 
slowly, but when ether saturated with water is added to the 
solution, rapid hydrolysis occurred (Curve A in Fig. 1; the specific 
rate constant calculated for Curve A is 4.6 * 10-* sec.-'). 

An insight into the role of the acid concentration on the rate 
of hydrolysis with ether in the two-phase system (Fig. 1, Curves 
B and C) was supplied by the results of the partition experiments 
listed in Table I. It is evident from this table that the greater 
the acid content of the aqueous phase the more DHS is extracted 


3 While this manuscript was in typescript, a paper by J. Mc- 
Kenna and J. K. Norymberski (J. Chem. Soc., p. 3889, 1957), 
appeared which described solvolytic reactions of the salts of some 
sterol sulfates. This work complements our studies in that it 
represents a special case of solvolysis of organic sulfates. The 
results given in this paper, when considered together with ours, 
serve to emphasize the large inhibitory effect salt formation has 
upon the rate of hydrolysis. 
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by the organic solvent. This effect of acid is especially well 
demonstrated with ethyl acetate. At equal ionic strength 
(Systems 1 and 4, 2 and 5) an increase in the acid concentration 
caused a better salting out effect than did an increase in salt 
concentration. Since little inorganic acid is extracted by ethyl 
acetate (final concentration, about 10-* m as determined by 
titration) or by ether, it is clear that the increase in the acid 
concentration enhances the two-phase hydrolysis with ether 
merely by increasing the extractability of the DHS which then 
solvolyzes in the organic phase in a manner described by Curve A 
in Fig. 1. 


II. Procedures for the Hydrolysis of Urinary 
Ketosteroid Sulfates 


A. A Simplified Two-Phase Hydrolysis—Based on the results 
reported in Section I, a simplified procedure for the hydrolysis 
of urinary ketosteroid sulfates which does not necessitate con- 
tinuous ether extraction was developed. It consisted of bringing 
urine to an acid concentration of 2 N by adding the calculated 
amount of 50 per cent aqueous H.SO, cautiously with stirring. 
The solution was then covered with a layer of ether equal to the 
volume of the urine and vigorously shaken in a cork-stoppered 
bottle 5 times daily for 4 days. The ether layer was then sepa- 
rated and worked up in the usual manner. 24 hour urine speci- 
mens were first hydrolyzed by this procedure and then the spent 
urines were continuously extracted with ether for 72 hours. 
Each ether extract was chromatographed separately by the 
gradient elution method (9) and the results are illustrated in 
Fig. 2. Although each chromatogram was run to completion 
(elution volume = 750 ml.) no ketosteroid was detected beyond 
300 ml. of effluent and therefore the ends of the chromatograms 
are not depicted. 

It is evident that this process affords satisfactory hydrolysis 
of urinary ketosteroid sulfates and that only in Experiment B 
was any identifiable ketosteroid found in the extract obtained 
by continuous extraction. In this instance only 10 per cent of 
the DHS present in the original urine was not hydrolyzed by 
the two-phase procedure involving intermittent shaking. In 
the other three examples the shaking procedure hydrolyzed the 
DHS quantitatively and in Experiments C and D liberated as 
well all the androsterone from its sulfate. 

Another effort to assess the analytical possibilities of this 
procedure was directed at recovering a known sample of PDS 
that had been added to 1000 ml. of pregnancy urine. Previous 
chromatographic analysis had demonstrated that this volume of 
urine contained 1.9 mg. of Zimmermann reacting material in 
the eluates in which dehydroisoandrosterone is usually encoun- 
tered. However, infrared analysis failed to establish the identity 
of this material. When 15 mg. of PDS (equivalent to 9.9 mg. of 
dehydroisoandrosterone by the Zimmermann color reaction) 
was added to an equal volume of this urine and the mixture 
hydrolyzed by Procedure A, 10.4 mg. of crystalline dehydro- 
isoandrosterone (quantity estimated colorimetrically and identity 
confirmed by infrared spectrum) was obtained by chromato- 
graphic analysis. 

B. Solvolysis of Urinary Ketosteroid Sulfates in Ethyl Acetate— 
Based on the results of the partition experiments listed in Table I 
and on a solvolysis study which will be reported elsewhere,‘ 


‘A more detailed study of the solvolysis of steroid hydrogen 
sulfates will be reported elsewhere. It has been shown that the 
solvolysis occurs in a variety of organic solvents and follows first 
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Fic. 2. Hydrolysis of urinary ketosteroid sulfates 

Chromatographic separation of urinary extracts obtained by 
subjecting four specimens of human urine (A to D) first to proce- 
dure A (open circles) and then to continuous extraction with ether 
for 72 hours (solid circles). The concentration is expressed as 
micrograms of dehydroisoandrosterone per ml. ‘Dehydro’’ and 
“andro” signify dehydroisoandrosterone and androsterone, re- 
spectively. Each was identified in appropriate eluates by infrared 
spectrophotometry. The contents of the other eluates were ex- 
amined spectroscopically but were not identified. A and B were 
24 hour urine specimens obtained from a normal man (34 years 
old) who regularly excretes elevated levels of dehydroisoandros- 
terone. C and D were two separate pools of normal men’s urine. 


a simple, mild procedure was developed for the hydrolysis of 
urinary ketosteroid sulfates in a homogeneous ethyl acetate 
phase. In this process the urine can be treated in one of two 
ways. It may be either acidified to 2 N with H.SO, (see 
System 3, Table I) or acidified to pH 1 and brought to a salt 
concentration of 20 per cent with NaCl (Table I, Solvent Sys- 
tem 7). By shaking the urine with ethyl acetate a quan- 
titative extraction of DHS can be achieved. The ethyl 
acetate extract is kept at 38° for 24 hours whereby a 
quantitative hydrolysis of DHS, isoandrosterone (38-hydroxy- 
androstan-17-one) and androsterone sulfates is obtained. In a 
model experiment, an amount of PDS equivalent to 10.6 mg. of 
dehydroisoandrosterone was dissolved in 50 ml. of a 20 per cent 
NaCl solution brought to pH 1 with H.SO,. The solution was 
extracted once with an equal volume of ethyl acetate and then 





order kinetics with respect to the sulfate. (J. Am. Chem. Soc., in 
press.) 
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the organic extract left at 39° for 3 hours. At this time the 
ethyl acetate solution was washed with sodium bicarbonate 
solution and water and evaporated to dryness. Colorimetric 
analysis of the crystalline residue indicated 10.8 mg. of dehydro- 
isoandrosterone. Under similar experimental conditions 5.5 
mg. (expressed colorimetrically as dehydroisoandrosterone) of 
potassium isoandrosterone sulfate yielded 5.4 mg. isoandros- 
terone. Similarly, after 10 hours 6.8 mg. of potassium andros- 
terone sulfate (expressed as dehydroisoandrosterone) yielded 6.2 
mg. of androsterone. Based on these results a 24 hour solvolysis 
period was chosen to assure complete hydrolysis. Because of 
the presence of chloride ions in these experiments, about 2 per 
cent of the artifact, 38-chloro-A*-androsten-17-one, was formed 
from DHS. Consequently, it may be advisable to replace 
sodium chloride with other inorganic salts. The nature of the 
salt, however, determines the concentration of water and mineral 
acid extracted into the organic phase and thereby influences the 
rate of solvolysis. Thus, when ammonium sulfate is substituted 
for sodium chloride complete hydrolysis occurs only upon raising 
the acid concentration in the ethyl acetate extract to about 
10-* m with p-toluene sulfonic acid. 

Several recovery experiments were carried out with urine to 
evaluate Procedure B. To 1000 ml. of human pregnancy urine 
containing, as proved by previous analysis, 0.5 mg. of Zimmer- 
mann reacting but unidentifiable (infrared) material in the 
dehydroisoandrosterone eluates, 7.0 mg. of PDS (equivalent to 
4.6 mg. of dehydroisoandrosterone) were added. Following 
hydrolysis by Procedure B and chromatographic analysis 5.1, 
mg. of dehydroisoandrosterone were recovered. Similarly 
when 10.6 mg. of PDS (equivalent to 7.0 mg. of the steroid) 
were added to 1000 ml. of normal human urine containing 0.8 
mg. of identifiable dehydroisoandrosterone, 7.6 mg. were re- 
covered. 


DISCUSSION 


From these studies it is clear that steroid hydrogen sulfates 
can be caused to solvolyze rapidly and without artifact formation 
merely by storing solutions of these compounds in organic 
solvents under appropriate conditions. Under ionizing condi- 
tions such as obtain in aqueous solutions, hydrolysis does not 
proceed at an appreciable rate. In all three techniques, the 
continuous ether extraction, Procedures A and B, hydrolysis 
occurs in the organic phase. 

In the two-phase process using continuous ether extraction 
the rate of hydrolysis depends upon the rate of extraction of the 
hydrogen sulfate by the organic solvent and upon the rate of 
solvolysis in that solvent. Obviously, the first of these factors 
depends upon the efficiency of the extraction apparatus and the 
partition coefficient of the sulfate in the solvent system used. 
In Procedure A, where a noncontinuous extraction system was 
used, the rate of hydrolysis necessarily depends upon the fre- 
quency of shaking. For example, when the experiment, whose 
course is illustrated by Curve C in Fig. 1, was repeated with 
continuous mechanical shaking,® 20 per cent hydrolysis occurred 
within 15 hours. The inefficacy of benzene or methylene chloride 
as solvents in the two-phase procedure is primarily due to the 


5 With continuous mixing under equilibrium conditions, the 
first order specific rate of hydrolysis for a two-phase process is 
given by K,-K,/1 + K,, where K, is the specific rate of solvolysis 
in the organic phase and K, the partition coefficient of the sulfate 
between the two phases. 


Hydrolysis by Solvolysis Procedures 


Vol. 233, No. 2 


low distribution coefficients of the hydrogen sulfates in these 
solvents (Table I). 

In Procedure B advantage was taken of the high extractability 
of the steroid hydrogen sulfates by ethyl acetate and the rela- 
tively rapid solvolysis that occurs in this solvent under the condi- 
tions described. In this method, the steroid hydrogen sulfate 
must be kept in solution for should it become insoluble, as might 
occur during concentration of the solution, it will escape hydrol- 
ysis. 

The dioxane procedures of Grant and Beall (10) and of Cohen 
and Oneson (11) are likewise examples of solvolysis in an organic 
phase. They differ from the procedures described here in that 
both techniques require that the sulfate be isolated in reasonably 
pure form, free of water and interfering substances. Prior to 
hydrolysis in the dioxane-trichloroacetic acid mixtures, the latter 
procedure (11) requires extraction of the sulfate from urine with 
butanol, washing the butanol extract to remove interfering 
substances and evaporation of the solvent in vacuo. 

The procedures described in this paper afford a quantitative 
hydrolysis of urinary steroid sulfates by simple and convenient 
techniques. The necessity of employing continuous extraction 
apparatus is eliminated, thereby facilitating the routine handling 
of urine specimens, regardless of the number or volume. Extrac- 
tion by the conventional Kutscher-Steudel apparatus is often 
attended by practical difficulties such as thick emulsions, carrying 
over of acidified urine into the warm organic extract, and ineffi- 
cient extraction due to mechanical causes. Such difficulties 
often lead to incomplete extraction and to misinterpretation of 
the nature of the urinary conjugates. Procedures A and B 
obviate the need for elevated temperatures and high acidities. 
The concentration of acid in the solvolytic procedures is about 
10-*-10~ and this feature may have important bearing upon 
the recovery of acid sensitive steroids such as the corticoids. 

The use of sulfatase for the hydrolysis of urinary steroid 
sulfates offers no particular advantage. In fact, since the mam- 
malian (12) and molluscan (13) enzymes are specific only for 
36-sulfates of the 5a or A‘ series of steroids they are not generally 
applicable. Procedures A and B both provide complete hydro- 
lysis of the sulfates of dehydroisoandrosterone, androsterone and 
isoandrosterone under the conditions set forth. Thus both the 
saturated and unsaturated sulfates are hydrolyzed in the organic 
phase in Procedures A and B as proved by the model experiments 
and by the isolation of dehydroisoandrosterone and androsterone 
from two separate pools of urine. 

Although these procedures have been successfully applied to 
urine, it must be emphasized that they do not necessarily repre- 
sent the best solvolytic procedures possible. As they are consti- 
tuted, they involve only a few of a great many variations that 
can be devised using the principles outlined. It may be possible 
to develop superior methods of hydrolysis merely by selecting 
solvents which extract the sulfates more efficiently and which 
will cause them to solvolyze more rapidly. 

Although the observations described in this paper pertain only 
to Cig-steroid hydrogen sulfates, the results are undoubtedly ap- 
plicable to other classes of organic sulfates. On the basis of the 
kinetic studies to be reported, it has been possible to propose a 
general mechanism which indicates that solvolysis of any organic 
hydrogen sulfate will occur when and if that compound is dis- 
solved in a suitable nonpolar medium. Thus a method is pro- 
vided for the mild hydrolysis of other naturally occurring sulfates 
and this may aid significantly in the isolation of hitherto inac- 
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cessible compounds. On the other hand, in some instances the 
facile splitting of sulfate groups may be a disadvantage. For ex- 
ample, the observations reported here may have special relevance 
for procedures used in the isolation of lipid sulfates or sulfatides. 
Any technique which involves extraction of the lipid hydrogen 
sulfates or even the salts of the lipid sulfates* into nonpolar 
organic solvents may result in the loss of some or all of the 
sulfate groups. 
SUMMARY 


The continuous ether procedure (2) for the hydrolysis of 
steroid sulfates has been found to proceed in two stages: first, 
extraction of the steroid hydrogen sulfate into the ether phase 


S. Burstein and S. Lieberman 335 


and then, its solvolysis in the organic solvent. The general 
principles involved in this mild solvolytic splitting of organic 
hydrogen sulfates have been discussed and illustrated with 
steroid sulfates and with urinary samples. Two new procedures 
for the hydrolysis of urinary steroid sulfates have been presented. 
Both methods are based upon the observation that steroid hy- 
drogen sulfates are rapidly solvolyzed at low temperatures when 
dissolved in an appropriate nonpolar medium. 
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By use of isotopically labeled acetate, Bloch et al. (1-4) have 
shown that acetic acid is the most important source of carbon 
and hydrogen for cholesterol synthesis. Banerjee and Deb 
(5) and Oesterling and Long (6) have reported a lowering of 
adrenal cholesterol in scurvy. Belavady and Banerjee (7) 
have shown that during the development of scurvy, guinea pigs 
excreted in the urine a lesser amount of injected PABA! in the 
acetylated form than did normal controls. The decrease in 
adrenal cholesterol in scurvy has been attributed to the di- 
minished acetylation in the body. But it has also been observed 
that although the cholesterol content of the adrenals, spleen, 
and lungs decreased, that of the testes and small intestine in- 
creased, and that there was no change in the cholesterol content 
of liver and kidney. Becker et al. (8) have reported that the 
liver and adrenals of scorbutic guinea pigs that have been fed 
labeled acetate contain cholesterol with higher specific activity, 
indicating that the tissues of scorbutic guinea pigs synthesize 
more cholesterol from administered acetate. Lahiri and Baner- 
jee (9) have shown that the total body cholesterol is significantly 
increased in scorbutic guinea pigs. They have further shown 
that CoA activity in scurvy is not significantly different from 
that of the normal controls, and this possibly indicates that the 
diminished acetylation and abnormal cholesterol metabolism 
in scurvy are not ascribable to an alteration in the CoA activity. 

Hotta and Chaikoff (10) have reported that the high rate of 
incorporation of acetate into cholesterol by livers of alloxan- 
diabetic rats is decreased by insulin. Mukherjee and Sadhu 
(11-14) have observed a relationship between cholesterol syn- 
thesis and decreased oxidation of acetate and acetoacetate in 
hypothyroidism (11), nephrosis (12), chronic poisoning by 
malonate and arsenite (13), and alloxan diabetes (14). They 
have suggested that continued depression of acetate and aceto- 
acetate oxidation in these cases might result in channeling these 
metabolites in the direction of cholesterol synthesis. 

Insulin has been shown to increase the acetylation of injected 
PABA in normal rabbits (15) and to raise the lowered acetylat- 
ing activity of alloxan-diabetic rats to normal (16). In view 
of the observations of Banerjee et al. that scurvy is associated 
with the decreased insulin content of the pancreas (17) and 
with marked disturbance in carbohydrate metabolism (18, 19), 
it was of interest to study cholesterol metabolism in scorbutic 
guinea pigs which have been under prolonged treatment with 
insulin. 


* This work was aided by financial grants from the Council of 
Scientific and Industrial Research, Government of India. 

1 The abbreviations used are: PABA, p-aminobenzoic acid; CoA, 
coenzyme A. 


MATERIALS AND METHODS 


Female guinea pigs weighing from 250 to 300 gm. were fed 
with green grass, soaked gram, and scorbutic diet (20) for 5 to 6 
days. The animals that grew well on this diet were selected 
and divided into several groups, each group consisting of one 
normal, one scorbutic, and one insulin-treated scorbutic guinea 
pig. The animals in each group were fed equal amounts of 
scorbutic diet. The normal control was fed 5 mg. of ascorbic 
acid daily. All the animals were fed 2 drops of a concentrate 
of vitamins A and D twice a week. Insulin (Lilly), 0.1 unit 
per 100 gm. of body weight per day, was injected subcutaneously 
into the animal receiving hormone treatment, the amount of 
insulin being increased to 0.3 unit per 100 gm. of body weight 
per day at the beginning of the second week. On the day of 
the experiment insulin injection was stopped. 

Estimation of Total Body Cholesterol—Six groups of animals 
were studied for total body cholesterol content. During the 
4th week of the regime with the scorbutic diet, the animals were 
fasted overnight and then killed. The gastrointestinal tract 
was washed, the fur was plucked off, and the whole body was 
weighed and then minced and dried at 85° for 16 hours. The 
dried sample was powdered and extracted, over a 24 hour period, 
with redistilled acetone in a 1 liter Soxhlet apparatus. The total 
cholesterol content of the extract was estimated by the method 
of Sobel and Mayer (21). Results are shown in Table I. 

Estimation of Cholesterol Content of Tissues—Nine groups 
of animals were studied for tissue cholesterol content. When 
the guinea pigs had developed severe scurvy, in the 4th week 
of the scorbutic regime, they were fasted overnight and killed 
the next morning by decapitation. Blood was collected from 
the neck vein, and total and ester cholesterol contents were 
estimated by the method of Sobel and Mayer (21). Tissues 
were removed from the body, washed off, and finely minced 
with a glass mortar and pestle. An aliquot of the finely ground 
tissue was thinly spread over a previously weighed, circular 
piece of filter paper, 8 cm. in diameter. The filter paper with 
its sample of tissue was again weighed to obtain the weight 
of the tissue and was then dried in an electric oven at 60° for 
8 hours. The dried sample was then extracted with redistilled 
acetone in a continuous extractor for 6 hours, and the extract 
was estimated for total and ester cholesterol according to the 
method of Sobel and Mayer (21). Tissues studied by this 
procedure were the adrenals, intestine, kidney, liver, and spleen. 
Results are shown in Table II. 

Acetylation Studies—Eight groups of animals were used for 
urinary acetylation studies. When the animals had developed 
severe scurvy, intraperitoneal injections of PABA (1 mg. dis- 
solved in 1 ml. of sterile water) were administered to each guinea 
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TaBLeE I 


Total body cholesterol content of normal, scorbutic and 
insulin-treated scorbutic guinea pigs* 
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TaBLe III 


Acetylation of injected PABA by normal, scorbutic, and 
insulin-treated scorbutic guinea pigs* 


























Total cholesterol contentt t-values Acetylationt t-values 
’ Between Between Between | Between 
, Insulin- Between | normal and | _ scorbutic Insulin- Between normal and |scorbutic and 
Normal Scorbutic treated normal and insulin- and insulin- Normal Scorbutic treated normal and insulin- insulin- 
scorbutic scorbutic treated treated scorbutic scorbutic treated treated 
scorbutic scorbutic scorbutic scorbutic 
ani jondeeaeet apd 29 + 0.92/16 + 0.53/29 + 1.46] 12 0 s 
189 + ist | 277 + 27| 173 + 15} 2.9 0.7 3.0 7 

















* There were six animals in each group. 
t Mean + standard error. 


pig daily, for 3 consecutive days; the urine excreted by each 
animal was collected daily in a flask containing 5 ml. of 4 N 
hydrochloric acid. Total and acetylated PABA excreted 
in the urine were estimated by the method of Bratton and Mar- 
shall (22). The amounts of acetylated PABA are expressed 
as per cent of the total PABA excreted in the urine. Results 
are shown in Table III. 

Estimation of Total and Reduced CoA Content of Tissues— 
Seven groups of animals were studied for total and reduced CoA 
content of liver, kidney, and adrenals. Differential estimation 
of total and reduced CoA was accomplished by the method of 
Boxer et al. (23). When the animals had become severely 
scorbutic, in the 4th week of the scorbutic regime, they were 
killed; tissues were quickly removed, chilled, and homogenized 
with ice-cold water in an atmosphere of carbon dioxide to prevent 


* There were eight animals in each group. 
t Mean + standard error. Acetylation is expressed as per- 
centage of the total PABA excreted. 


iodoacetate was performed according to the method described 
by Boxer et al. (23). The assay of the total CoA and the disul- 
fide form was performed by the sulfanilamide acetylation method 
of Kaplan and Lipmann (24). The results were expressed in 
Lipmann units per gm. of fresh tissue. 

The CoA used as the standard of reference was prepared in 
the laboratory from rabbit liver by the method of Kaplan and 
Lipmann (24). The potency and purity of this CoA were not 
known, hence the absolute values for CoA in the test samples 
were subject to some error. But it could be safely assumed 
that the relative values serve satisfactorily for comparison. In 
each assay run, a standard curve with reference CoA was pre- 
pared. At CoA saturation, approximately 65 per cent of the 
added sulfanilamide was acetylated. 

Adenosine triphosphate was prepared as dibarium salt from 











air oxidation. Alkylation of the sulfhydryl form of CoA by rabbit muscles by the method of Dounce et al. (25). On analy 
TaBLeE II 
Total and ester cholesterol content of tissues of normal, scorbutic and insulin-treated scorbutic guinea pigs* 
Cholesterol contentt t-values 
Tissuet | . 
Normal Scorbutic Insulin treated Between normal | *“psulin-teated | and insulin-treated 

Blood 

: | Ara 71+ 66 + 5.4 69 + 4.8 0.6 0.3 0.4 

Eee a dssas ds 26 + 1.3 27 + 4.8 33 + 2.9 0.2 2.1 1.0 
Adrenal 

Total..........]| 75.4 + 11.3 31.3 + 3.8 30.3 + 3.4 3.7 3.8 0.1 

oe ET 62.7 + 7.4 25.7 + 3.5 26.5 + 3.9 4.5 4.5 0.1 
Intestine 

ree 272 + 27 427 + 35 282 + 37 3.5 0.2 2.8 

re 40 + 4.7 67 + 7.8 47 + 5.4 3.0 1.0 2.2 
Kidney 

MES vse e es 322 + 29 355 + 32 347 + 27 0.7 0.6 0.1 

eer 90 + 11.2 86 + 10.9 103 + 7.7 0.2 0.9 1.1 
Liver 

2 ee 259 + 28 298 + 18 273 + 19 F 0.4 0.9 

CTO CTe 75 + 6.4 79 + 7.3 40 + 6.4 0.4 3.8 4.0 
Spleen 

, eae 712 + 37 342 + 24 338 + 32 8.1 7.4 0.1 

ee eae 167 + 14 58 + 7.1 71 + 6.0 6.5 5.9 1.3 
































* There were nine animals in each group. 
+ Mean + standard error. 


¢ Values for blood are expressed in mg. per 100 ml., adrenal in mg. per 1 gm. of fresh tissue, and the rest in mg. per 100 gm. of fresh 


tissue. 
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TaBLe IV 
Total and reduced CoA content* of tissues of normal, scorbutic and insulin-treated scorbutic guinea pigs 
Livert Kidneyt Adrenalt 
Groupt 
Total Reduced Tctal Reduced Total Reduced 
NORE. £26 Ne 5 ASU bos dale cae cdcuseebeee 110 + 9 48+ 5 70 + 10 30 + 5 116 + 12 53 + 8 
so heatdl cand <i t's andbas tere, dee dots Pb kak Geko PLES ERSTE AS 5 126 + 16 68 + 9 72 + 10 42+ 8 106 + 16 44 + 6 
Insulin-treated scorbutic...................2.0 cece eee 124 + 17 64 + ll 79 + 18 42+ 8 108 + 19 43 + 5 
t-values 
Between normal and scorbutic........................ 0.8 2.2 | 0.1 1.2 0.4 0.4 
Between normal and insulin-treated scorbutic........ 0.6 1.6 0.4 1.2 0.3 1.0 
Between scorbutic and insulin-treated scorbutic....... 0.08 0.2 0.3 0 0.07 0.05 





* Mean + standard error. 
+ There were seven animals in each group. 


t Results are expressed in Lipmann units per 1 gm. of fresh tissue. 


sis, the preparation was found to be 96 per cent pure. Results 
are shown in Table IV. 


RESULTS 


The total body cholesterol content of scorbutic guinea pigs 
increased significantly in comparison to that of normal controls. 
Prolonged treatment with insulin lowered the cholesterol value 
of the scorbutic animals to the normal level (Table I). In the 
scorbutic guinea pigs, the cholesterol content of the adrenals 
and spleen decreased and that of the intestine increased signif- 
icantly; there was no change in the cholesterol content of blood, 
liver, and kidney. Prolonged insulin treatment of the scorbutic 
animals lowered the cholesterol content of the intestine to the 
normal level, but it had no effect on the cholesterol content of 
other tissues studied (Table II): Severely scorbutic guinea 
pigs excreted in the urine a lesser amount of injected PABA 
in the acetylated form than did the normal controls (Table III). 
Treatment with insulin raised the acetylation to the normal 
level. Total CoA content of liver, kidney, and adrenal did 
not change, but the reduced CoA content of liver and kidney 
tended to increase in ascorbic acid-deficient animals; treatment 
with insulin had no effect on either the total or the reduced CoA 
content of tissues (Table IV). 


DISCUSSION 


Except for the formation of adrenal steroids, the effect of 
vitamin C deficiency on the catabolic transformation of choles- 
terol is not yet known. Scurvy is usually accompanied by 
greatly increased excretion of adrenocortical steroids (26, 27). 
In spite of this increased catabolic activity, cholesterol accumu- 
lates in the body, which fact possibly indicates its increased 
synthesis in vitamin C deficiency. It has been shown previously 
(19) that the amount of citric acid that accumulates in the 
tissues of scorbutic guinea pigs is brought down to almost 
normal levels when insulin is injected into the animals. Insulin 
treatment also lowers the total body cholesterol of scorbutic 
guinea pigs to normal level. The increased cholesterologenesis 
in scurvy, therefore, might be due to the utilization of an in- 
creased pool of acetate which is not burned through the tri- 
carboxylic acid cycle. As isotopic tracer methods were not 


employed, the data presented here cannot throw any light on 
the pattern of cholesterol metabolism as affected by vitamin C 
deficiency in various tissues. 

In spite of an increased ability for cholesterol formation, the 
scorbutic animals showed decreased capacity to acetylate in- 
jected PABA. The degree of acetylation of foreign amines as a 
measure of the degree of incorporation of acetate into cholesterol 
has, however, been questioned (28). The observed effects 
of insulin in increasing acetylation of PABA and in lowering 
total body cholesterol value in scurvy also suggest absence of 
interrelationship between acetylation and cholesterol formation. 
Total and reduced CoA content of tissues did not change in 
scurvy. This shows that diminished acetylation is not likely 
to be the result of an alteration of CoA activity. 


SUMMARY 


1. Total body cholesterol content increased in scorbutic 
guinea pigs in comparison with normal controls. Prolonged 
treatment of the scorbutic animals with insulin lowered the 
cholesterol content to the normal level. 

2. Although both total and ester cholesterol content of 
adrenal and spleen diminished in scorbutic guinea pigs, choles- 
terol content of intestine increased and there was no change in 
that of blood, liver, and kidney. Insulin treatment of the 
scorbutic animals had no effect on the cholesterol content of 
tissues studied, except that of the intestine, which was lowered 
to the normal level. 

3. Scorbutic guinea pigs showed a decreased ability to acet- 
ylate injected p-aminobenzoic acid, in comparison with normal 
controls. Treatment with insulin raised the acetylation to 
normal level. 

4. Total coenzyme A content of liver, kidney, and adrenal] 
was not altered in the normal, scorbutic, or the insulin-treated, 
scorbutic guinea pigs. Reduced coenzyme A content of liver 
and kidney tended to increase in scorbutic guinea pigs, but 
that of the adrenal was not altered. 

5. It has been suggested that depression of acetate oxidation 
may be responsible for the increased cholesterol content in 
scurvy. 
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Enzymatic Synthesis of Rubber from Mevalonic Acid* 
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Incorporation of acetate into the plant polyterpene, rubber, 
has been shown to take place both in vivo and in vitro (1, 2). 
Acetate is also known to give rise in plant systems to 8-hydroxy- 
B-methylglutaric acid and 6-methylerotonic acid (3), both of 
which have been suggested to be possible terpene intermediates. 
In experiments in which BMC! has been supplied as the free 
acid to intact plants (guayule, kok saghyz, hevea), it has been 
found that it is not incorporated into rubber to any important 
extent.2 BOG has been found to be similarly unreactive in 
plant systems (3). The 6-carbon branched chain acid, 6,6- 
dihydroxy-6-methylvaleric acid (MVA) has been isolated from 
natural sources (4-8). The carbon skeleton of this substance 
is identical with that of BOG. It was first found by Tavormina 
et al. (9) that MVA is rapidly incorporated into cholesterol in a 
rat liver system and that in the process the carboxyl group of 
mevalonic acid is lost (10). Subsequent experiments by Amdur 
et al. (11) and by Dituri et al. (12) have shown that MVA is 
incorporated in high yield into the open chain terpene, squalene, 
in rat liver systems. The present experiments show that 
specifically labeled MVA is rapidly incorporated into rubber by 
an enzyme system from the latex of the rubber tree, Hevea 
brasiliensis. This incorporation takes place without randomiza- 
tion of the C" label. 


EXPERIMENTAL 


Enzyme Preparation—The hevea trees available for latex collec- 
tion were grown in an air-conditioned greenhouse and were 
about 1 meter tall when used. Latex was obtained by tapping 
the trees. A cut was made diagonally through the bark with a 
razor blade. A 1 mm. capillary was next placed against the 
drops of latex which formed along the cut. The latex was then 
allowed to flow into the capillary of its own accord by capillary 
and gravitational attraction. With latex collected in this way 
care must be taken to prevent coagulation, which tends to occur 
as a result of physical maltreatment, dilution of the latex, or 
prolonged exposure to temperatures higher than 30°. Since 


* Report of work supported in part by the Research and De- 
velopment Branch, Office of the Quartermaster General, Depart- 
ment of the Army, Natick, Massachusetts. The authors are in- 
debted to Dr. Juan C. Montermoso for counsel and encourage- 
ment. The authors are also indebted to Dr. Walter S. McNutt, 
Jr. for his advice and help. 

{7 Woods Hole Oceanographic Associates Graduate Fellow, 
Woods Hole, Massachusetts. 

The abbreviations used are: BOG, 6-hydroxy-8-methylglu- 
taric acid; BMC, 8-methylerotonic acid; and MVA, mevalonic 
acid. 

? Unpublished results of R. B. Park and W. S. McNutt, Jr., 
California Institute of Technology. 


hevea latex tends to coagulate upon dilution, the ratio of latex 
volume to the volume of other components in the reaction 
mixture was kept as large as possible. This was achieved by 
making up the constituents of the reaction mixture, other than 
enzyme, together in a reaction vessel, after which the solution 
was concentrated to dryness in a vacuum desiccator. The 
enzyme was then added to the dry reaction mixture. 

Isolation of Rubber from Reaction Mizxtures—At the end of 
the incubation period the reaction was stopped by addition of 2 
ml. of ethanol. The resulting precipitate was extracted three 
times with 2 ml. volumes of hot ethanol. The reaction mixture 
was then dried under vacuum and dissolved in chloroform. The 
chloroform solution was filtered through sintered glass and 
washed with 10 per cent KOH until the washings were free of 
C-labeled material. The chloroform-soluble residue was 
reduced to small volume and precipitated with 5 times its volume 
of ethanol. The precipitated rubber was next collected and 
dried. This constitutes the fraction termed “crude rubber” 
(see below). 

Purification and Degradation of Rubber—Crude rubber as 
defined above contains nonrubber C'-labeled contaminants. 
Precipitation of rubber as the tetrabromide derivative by the 
method of Willits et al. (13) does not free crude rubber from C™ 
contamination by other materials. The only method which 
we have found for determining how much of the C™ of the crude 
rubber is actually contained in terpenoid material is to degrade 
the rubber and isolate and purify the degradation products. The 
degradation used was that of ozonolysis followed by hydrolysis 
and oxidation, as outlined in Diagram 1. 

25 mg. of crude rubber were found to be the minimal amount 
of material which could be successfully degraded to levulinic 
acid. The ozonolysis reaction was carried out as follows. 
The rubber was dissolved in 10 ml. of chloroform and placed in 
a tube 1.5 cm. in diameter through which ozone could be bubbled. 
The chloroform solution was cooled to 0° in an ice bath. The 
outflowing gas was bubbled through a trap containing KI and 
boric acid. Oxidation of iodide ion to free iodine occurs in the 
trap as soon as the ozone is no longer absorbed by the rubber. 
The appearance of free iodine in the trap indicates that the 
ozonization of rubber is complete. 

After ozonization, the chloroform was distilled off under 
vacuum. 2 ml. of distilled water were added and the flask 
contents were refluxed for 1 hour. The solution was then 
filtered. Oxidation of the aldehydes present was carried out 
by first acidifying the solution with H.SO, and then adding 
dropwise a dilute K,Cr.O; solution. As the yellow color dis- 
appeared, more dichromate was added until, after heating for 10 
minutes at 80°, no further change in color was noted. Excess 
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DraGram 1. The enzymatic synthesis and chemical degradation of rubber from latex incubated with 2-C"-MVA 


chromic acid was reduced by addition of sodium sulfite. The 
acid solution was next extracted with ether for 6 hours. The 
extract was then placed on Whatman No. 1 or No. 3 filter paper 
and chromatographed in ethanol: NH,OH:H,O, 40:4:8. In 
this solvent levulinic acid possesses an Rr value of about 0.65. 
The levulinic acid band was eluted with water and treated with 
2,4-dinitrophenylhydrazine. The precipitate, which usually 
formed rather slowly, was redissolved in dilute ammonia and 
neutralized with HCl. The solution was then placed at 0° and 
the crystalline material was separated in the cold. The re- 
crystallized material melted at 202-205° (melting point of 
authentic levulinic 2,4-dinitrophenylhydrazone, 206.5°). Chro- 
matography of the 2,4-dinitrophenylhydrazone of levulinic 
acid against authentic material in (NH,4)2.CO;:NH,OH, 1:1, or 
in n-butanol :ethanol:0.5 n NH,OH, 7:1:2, also indicated the 
identity of the two compounds. The yield of levulinic acid 
by this degradation was usually 10 to 20 per cent of the original 
rubber. 

In Table I is presented the specific activity of rubber isolated 
at various stages of purification from a kok saghyz plant 
(Taraxacum kok saghyz) fed with 1-C™-acetate. It is evident 
that the crude rubber contains C-labeled material which does 
not yield levulinic acid upon degradation. Furthermore, even 


the purified tetrabromide derivative contains more C™ than is 
recoverable as levulinic acid from the original crude rubber. 

Degradation of Levulinic Acid—Levulinic acid in aqueous 
solution was made basic with NaOH and treated with an iodine- 
potassium iodide solution. The iodoform which separated 
was collected and purified by sublimation. The sublimed 
iodoform was dissolved in ether and plated. The succinate in 
the supernatant solution was then isolated. The supernatant 
solution was acidified and treated with sufficient sodium sulfite 
to reduce all iodine to iodide ion. The acidified solution was 
then extracted with ether for 6 hours. The ether extract was 
chromatographed in ethanol: NH,OH:H.O, 40:4:8, after which 
the band corresponding to succinate was eluted and counted as 
the free acid after crystallization from an ether ligroin solution. 
The acid was then titrated with Ba(OH), and degraded according 
to the pyrolysis procedure described by Aronoff (14). 

That the above degradation can in fact demonstrate specific 
labeling of rubber is indicated in Table II, which presents data 
on the distribution of labeling in rubber from hevea seedlings 
previously fed 1-C™-acetate or 2-C™-acetate. The branch- 
methyl group of rubber determined as iodoform accounts for 
approximately one-third of the activity of levulinic acid ob- 
tained by degradation of rubber from plants fed 2-C™-acetate. 
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TABLE I 


Specific activity of kok saghyz rubber at various stages of purification 

The rubber was obtained from 12 roots of kok saghyz plants, 
3 to 4 cm. in length, which had been supplied 18 hours previously 
with 1-C'-Na acetate (1 mc. per mmole, 2 mg.). The plants 
were kept in darkness during the incubation period. 32 mg. of 
rubber were obtained. 





Specific activity (c.p.m./ 





Material 10-4 mole of rubber*) 
I NE wien cd cacsacscskecvcsee¥s 782 
Rubber tetrabromide........................ 421 


Levulinic acid counted as 2,4-dinitropheny]- 
hydrazone after chromatography in etha- 
MAON- INTRA TED, 0 oc cece ccc cc saccces 320 

Levulinie acid 2,4-dinitrophenylhydrazone 
after chromatography in (NH,)2CO;- 
DN at Ge ee os wees chores sc ceciie oe 313 








* A mole of rubber is defined as one 5-carbon unit (mol. wt. = 
68). 


TaBLeE II 
Degradation of rubber obtained from hevea seedlings previously 
supplied with either 2-C'4-acetate or with 1-C4-acetate 
In each experiment 10 plants were incubated for 24 hours in the 
dark in the presence of substrate. 





|specific activity (c.p.m./ 


10~* mole of rubber) 


Material 


Rubber from plants fed 2-C'‘-acetate (3.5 
mc./mmole) 





LE rere rere 5340 
Levulinic acid 2,4-dinitrophenylhydrazone . 3190 
een nn Ot Ri cmaaVeanelviics see 1000 


Rubber from plants fed 1-C'-acetate (1 
mc./mmole)* 





TET ee re 970 
Levulinic acid 2,4-dinitrophenylhydrazone . 758 
soe vale os snd ce v Poe Keele SES NSS 2 
Succinate (from iodoform reaction)........ 785 





* Data from unpublished experiments of W. S. McNutt, Jr. 


Rubber labeled from 1-C-acetate, on the other hand, yields 
levulinic acid, which possesses almost no activity in the methyl 
carbon. The pattern of labeling indicated in Table II is that 
expected on the basis of the known pattern of incorporation of 
acetate carbon into BMC (15), BOG (16), and squalene (17). 
Radioactive Assay of Samples—All samples were counted in a 
micromil gas flow scaler (Nuclear-Chicago Corporation, model 
181) and the activity measurements were corrected to infinite 
thinness. The aluminum planchets used were 2.9 cm. in 
diameter and were sand blasted on the inside surface. 


RESULTS 


The reaction mixtures used to study incorporation of MVA into 
rubber are given in Table III. Paper chromatography in 
ethanol: NH,OH:H,0 or 2,6-lutidine:H,O of an alcohol extract 
of the reaction mixtures after incubation revealed no radioactive 
material other than MVA. MVA is not, therefore, rapidly 
broken down or metabolized to other alcohol-soluble materials 
in the present system. Mevalonic acid is, however, converted 
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to rubber. In the 3 hour incubation period used, approxi- 
mately 2 per cent of the MVA supplied was recovered as 
rubber. Addition of cofactors to the crude system affected 
neither the rate of incorporation of MVA into rubber nor its 
conversion into other compounds. 

In both of the experiments reported below, the rubber was 
isolated and degraded to levulinic acid. The levulinie acid 
from Experiment 2 was further degraded to determine the 
distribution of labeling within it. These results are given in 
Table IV. The specific activity of the levulinic acid isolated 
is substantially lower than that of the original crude rubber. 
The rubber therefore contained nonrubber radioactive com- 
pounds with the solubility properties of rubber and with specific 
activity higher than that of the rubber. The fact that no 
acids of low molecular weight other than MVA were found in the 

















TaB_LeE III 
Reaction miztures used to study incorporation of MVA into rubber 
Additions to mixture (volume 
and radioactivity) 
Material Concentration ab 
Experiment 1 | Experiment 2 
ml., ¢.p.m. 
2-C4-pL_, MVA*....| 100 umoles/ml. | 0.1, | 
(0.1 me./mmole).. 5.4,105 | 
(0.9mc./mmole)f. 10 wmoles/ml. 0.5, 
2.4, 10° 
Diphosphopyridine 
nucleotide. .... 1 mg./ml. 0.01 
Coenzyme A...... 1 mg./ml. 0.01 
Adenosine triphos- 
phate.......... 0.1M | 0.01 
Magnesium fructose 
diphosphate. .. 0.1M | 0.02 
Ra sts saa knead | 0.5 0.4 











* Gift of Dr. Karl Folkers and Dr. James Sprague, Merck Sharp 
& Dohme Research Laboratories. 

¢ Prepared by Mr. Karl Amlauer, Isotope Specialties Com- 
pany, Inc. 





TaBLe IV 
Specific activity and localization of label in rubber produced 
enzymatically by incubation of 2-C'*-labeled MVA for 3 
hours with hevea latex 
Incubation mixtures are given in Table III; temperature of 
incubation, 25°. 








| 
Specific activity (c.p.m./10~5 mole 5-carbon unit*) 











Compound | een 
Experiment 1 Experiment 2 

Crude rubber............. 295 (90 mg. total)| 515 (40 mg. total) 
Levulinic acid............ 75 326 
MIR. a. soos ocecse ae 0 5 
WEI 5 oo. oc ico oles wana 307 
SEES. A Secs v ec cvemse 30T 
—CH.— (by difference)... 277 











* A 5 carbon unit is defined as one 5-carbon unit in the rubber 
carbon chain. 10-* mole weighs 0.68 mg. 

¢ 12 mg. of Ba succinate, including carrier containing 60 c.p.m., 
were degraded. 2.5 mg. of BaCO; obtained from the degrada- 
tion were counted and found to contain 1 ¢.p.m. 
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reaction mixture after incubation suggests that nonrubber 
materials are formed directly from MVA. Much of this con- 
taminant may be recovered from the hydrolysate of the ozonide of 
crude rubber as a water-insoluble, base-soluble material. 

The experiments presented in Table IV do not unambiguously 
indicate whether the labeled levulinic acid obtained actually 
arose from rubber or whether it arose from some other highly 
labeled open chain terpene such as squalene, contained, perhaps, 
in the crude rubber in small amounts. This question was 
settled by a form of end group analysis based upon the fact that 
the acetone formed by ozonolysis of squalene synthesized from 
2-C"-MVA contains the labeled carbon (12). A 2,4-dinitro- 
phenylhydrazine trap was set up so that any acetone released 
by hydrolysis of the ozonide of Experiment 2 would be trapped 
as the 2,4-dinitrophenylhydrazone derivative. Air was slowly 
swept through the hydrolysis reaction flask and 2,4-dinitro- 
phenylhydrazone trap for several hours. Carrier acetone was 
added and the precipitate was recovered and recrystallized. 
The material was counted and was indistinguishable from 
background. The ratio of levulinic acid-yielding units to the 
terminal acetone-yielding group in the ozonized material is 
therefore large. This is true of rubber but not of short chain 
terpenes such as squalene. It should be noted in addition that 
no labeled succinate is recovered from the ozonolysis products. 
Succinate is produced by ozonolysis of squalene. It is concluded, 
therefore, that the labeled levulinic acid obtained in these 
experiments arises from the degradation of rubber. 


DISCUSSION 


Degradation of the rubber synthesized enzymatically from 
2-C'-labeled MVA shows that the label does not appear in the 
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branch-methy] group carbon atom e of levulinic acid (Diagram 1) 
but must reside in either or both of carbons 6 and ¢ (Diagram 1) 
of the derived levulinic acid. That the C™ label is actually in 
carbon c is suggested by the fact that carbon atom 1 of MVA, 
as shown by Tavormina and Gibbs (10), is lost during terpene 
formation. Carbon atom 2 of MVA must therefore contribute 
either the branch-methyl group or the methylene carbon c of the 
terpene chain. The branch-methyl group is ruled out by the 
present evidence. The present suggestion is also consistent 
with the labeling data obtained by Dituri et al. (12) for squalene. 

C-labeled acetate, BOG, and BMC were also incubated with 
the latex system. In all cases the rubber was either unlabeled 
or the extent of labeling was too low to permit degradation of 
the rubber. Our inability to repeat the observations of Teas 
and Bandurski (2) on enzymatic incorporation of acetate into 
rubber in the latex system may be due to differences in the 
condition of the trees from which the enzyme was obtained. 

That no alcohol-soluble, C-labeled compounds other than 
MVA were found in the reaction mixture after incubation 
indicates that the incorporation of MVA into larger molecules 
is the major pathway of MVA metabolism in this system. 


SUMMARY 


C-mevalonic acid is rapidly incorporated into rubber in a 
crude enzyme system from latex of the rubber tree Hevea brasil- 
iensis. Incorporation is not dependent on the addition of 
cofactors in the crude system. Degradation yields a pattern 
of labeling similar to that found by other workers for squalene. 
Mevalonic acid gives rise only to rubber and not to other related 
small molecules in this system. 
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In the years since the classical work of Northrop and Kunitz 
on the isolation and characterization of the pancreatic proteins, 
trypsinogen and chymotrypsinogen-a (1), an impressive body of 
knowledge has accumulated about these and other pancreatic 
proteins. The proteins which have been isolated in crystalline 
form from the pancreas gland now include trypsinogen, trypsin, 
chymotrypsinogens a and B, and the corresponding active 
enzymes, chymotrypsins a and 6, carboxypeptidase, ribonuclease, 
and deoxyribonuclease (2-5). Each of these proteins has been 
extensively characterized with respect to its physicochemical 
properties; the amino acid composition is known for most of 
them (6-8), and, in the case of ribonuclease, a large segment of 
the amino acid sequence is known (9). In addition, the chem- 
ical events involved in activation of the zymogens, trypsinogen, 
chymotrypsinogen-a and procarboxypeptidase to their respec- 
tive enzymatically functional forms have been studied in detail 
(10, 11). 

With the exception of crystalline carboxypeptidase and its 
precursor, procarboxypeptidase, all of the proteins mentioned 
have been isolated from acid extracts prepared by submerging 
the freshly collected glands in 0.25 N sulfuric acid. Conditions 
so far removed from the physiological environment of the cell 
constituents inevitably raise the question as to whether the 
crystalline proteins thus prepared do in fact represent the proteins 
elaborated by the gland. In the present paper, evidence is 
presented that, at least in the cases of trypsinogen, chymotryp- 
sinogen-a, chymotrypsinogen-B, ribonuclease and procarboxy- 
peptidase, the proteins isolated directly from bovine pancreatic 
juice by ion exchange chromatography conform closely to their 
previously isolated counterparts. The present work, which was 
initiated as part of a broad study of the biosynthesis of the 
pancreatic proteins, has also led to the establishment of the 
chromatographic sequence of the major components of bovine 
pancreatic juice and their relative proportions. 


EXPERIMENTAL 


Materials and Methods 


The choice of bovine pancreatic juice as starting material was 
based on two considerations: (a) all of the proteins cited are 
components of the extracellular secretion of the pancreas gland; 
(6) since the crystalline pancreatic proteins have been prepared 
routinely from beef glands, the problem of species differences 
can be circumvented. 

Operation upon Animals—With the cooperation of members 
of the College of Veterinary Medicine at Washington State 
College, several yearling steers were operated upon.! Permanent 


1 Details of the surgical procedures will be published independ- 
ently by members of the College of Veterinary Medicine, Washing- 


fistulas were introduced into the pancreatic duct and into the 
small intestine in such a way as to allow for periodic external 
collection of the juice. At all times other than the actual collec- 
tion, the pancreatic juice was simply re-routed to the small 
intestine. Such animals could thus be maintained for several 
weeks in good physiological condition. The pancreatic juice was 
collected in sterile containers at 0° and frozen immediately after 
collection. Subsequently, the samples were thawed and lyo- 
philized for storage as dry powders. 

Crystalline trypsinogen, soy bean trypsin inhibitor and 
deoxyribonuclease were obtained from Worthington Biochemical 
Corporation. Chymotrypsinogen-a, 9 times crystallized, was 
prepared by W. J. Dreyer in this laboratory. Crystalline 
ribonuclease was purchased from Armour and Company. Chy- 
motrypsinogen-B, 4 times crystallized, was a gift from Dr. M. 
Laskowski of Marquette University. 

Protein concentrations were determined spectrophotometri- 
cally at 280 my, with the following extinction coefficients for a 1 
per cent solution: 20 for chymotrypsinogen-a (6); 18 for chymo- 
trypsinogen-B (12); 13.9 for trypsinogen (13); 10.5 for the soy 
bean trypsin inhibitor (14); 19 for procarboxypeptidase (11); 
23 for carboxypeptidase (13); 7.1 for ribonuclease;? and 11.4 for 
deoxyribonuclease (15). A mean value of 18 was used to esti- 
mate the protein concentration of unfractionated pancreatic 
juice. 

Methods of Assay—Tryptic and chymotryptic activities were 
measured by titration at constant pH, with the use of the 
specific synthetic substrates BAEE* for trypsin and ATEE for 
chymotrypsin (15). Carboxypeptidase activity was measured 
against two substrates, viz. CGP for carboxypeptidase-A (15) 
and BGL for carboxypeptidase-B.4 Nucleolytic activities were 
measured spectrophotometrically according to the methods of 





ton State College, Pullman, Washington. We are deeply indebted 
to Drs. Paul Klaveno, David Brinkman, and Hugh Butler of the 
above institution for the operation upon and maintenance of the 
animals and for their valuable counsel in this work. 

? Pirzadeh, N., and Bonnelycke, B., unpublished experiments. 

3 The abbreviations used are: BAEE, benzoyl-t-arginine ethyl 
ester; ATEE, acetyl-i-tyrosine ethyl ester; ATryEE, acetyl-t- 
tryptophan ethyl ester; CGP, carbobenzoxyglycyl-u-phenylala- 
nine; BGL, benzoylglycyl-L-lysine (kindly donated to us by Dr. 
Jules A. Gladner); RNA, ribonucleic acid; DNA, deoxyribonucleic 
acid; DEAE-cellulose, diethylaminoethyl-cellulese. 

4 Carboxypeptidase-A refers to the well known pancreatic en- 
zyme crystallized in 1935 by Anson. Carboxypeptidase-B refers 
to the pancreatic carboxypeptidase recently described by Folk and 
Gladner (6), which differs from Anson’s enzyme in that it acts 
specifically on basic C-terminal residues. Their respective pre- 
cursors will be designated as procarboxypeptidase-A and procar- 
boxypeptidase-B. 
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Dickman et al. (17) for ribonuclease and Kunitz (18) for deoxy- 
ribonuclease. 


Protein Components of Bovine Pancreatic Juice 


Before attempting resolution of the protein components of 
bovine pancreatic juice, the concentrations of several enzymes 
and zymogens in the juice were estimated. Proteolytic activity 
in freshly thawed samples was usually negligible; accordingly, 
aliquots of pancreatic juice were activated by the methods which 
have been described for trypsinogen (13), chymotrypsinogen-a 
(19) and procarboxypeptidase-A (11). Proteolytic activities in 
activated pancreatic juice are presented in Table I. Arbitrarily 
defined units were used to express each enzymatic activity in 1 
ml. of the whole juice. This same definition of units was then 
applied to express the specific activity of the corresponding 
crystalline pancreatic protein, and the concentration of that 
protein in the juice was computed. Only in the case of procar- 
boxypeptidase-A have the concentrations of the zymogen, as 
well as the enzyme, been included, since, in contrast to the other 
pancreatic zymogen-enzyme systems, the zymogen, procarboxy- 
peptidase-A, is a larger molecule (mol. wt. = 96,000) than the 
enzyme, carboxypeptidase-A (mol. wt. = 34,000) (11). Ribonu- 
clease activity was measured on nonactivated pancreatic juice. 

The amylase and lipase activities in bovine pancreatic juice 
were measured (20, 21) and found to be very low; 1 mg. of protein 
from unfractionated pancreatic juice contained an amount of 
amylase activity equivalent to approximately 16 yg. of crystalline 
hog amylase. Thus, if the specific activities of bovine and hog 
amylases are equal, amylase constitutes less than 2 per cent of 
the total protein of bovine pancreatic juice. Unfractionated 
bovine pancreatic juice contained only 1.2 Borgstrom units of 
lipase activity per mg. of protein, as compared with 20 to 40 
units per mg. of protein from rat pancreatic juice and 59 units 
per mg. of protein from human pancreatic juice (21). 


Ion Exchange Chromatography 


For resolution of the pancreatic proteins, two ion exchange 
resins were used. An initial separation into anionic and cationic 
components was made at pH 8.0 on the DEAE-cellulose resin 
described by Peterson and Sober (22). The anionic proteins 
which were adsorbed to this resin were subsequently resolved by 
a concentration gradient, whereas the cationic components were 
collected and chromatogrammed on the Amberlite cation 
exchange resin, XE-64. A typical experiment is described below. 
Unless otherwise indicated, all operations were conducted at 
cold-room temperature (approximately 4°). 

An amount of lyophilized pancreatic juice corresponding to 
335 mg. of protein was dissolved in 75 ml. of potassium phosphate 
buffer (0.005 m, pH 8.0) containing 9 mg. of soy bean trypsin 
inhibitor. Diisopropylphosphofluoridate was added to a final 
concentration of 10-* m and the solution was stirred vigorously 
for 60 minutes at 0°. The solution of protein was then dialyzed 
against two changes of 2 liters of potassium phosphate buffer 
(0.005 m, pH 8.0) containing 10-* moles of diisopropylphospho- 
fluoridate per liter. 

The DEAE-cellulose resin was equilibrated and packed into a 
column as has been described (23). The dimensions of the 
resin column were 1.8 cm. X 70 cm. After application of the 
protein solution to the column, a continuous flow of potassium 
phosphate buffer (0.005 m, pH 8.0) was begun and fractions of 10 
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TaBLe I 
Some enzymatic components of bovine pancreatic juice 
Enzymatic activity Units/ml. omnes, R>..' =e 
SEE: Bee | 135 25 | 1 
Chymotrypsin................ | 2600 | 5.2* | 43 
Carboxypeptidase-A..........| 2970 | 1.0 | 7 
(Procarboxypeptidase-A)..... (3.0) | (21) 
Ribonuclease................. 4900 0.9 2.7 





* Assuming for purposes of calculation all the chymotrypsin to 
have been formed from chymotrypsinogen-a. 


Elution Diagram of Bovine Pancreatic Juice on DEAE-cellulose 
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Fic. 1. Chromatographic resolution of the anionic proteins of 
bovine pancreatic juice on DEAE-cellulose. The conditions of 
the experiment and identification of components are given in the 
text. 


ml. were collected. 
measured at 280 muy. 

It was known, from preliminary experiments, that the soy 
bean inhibitor was held to the resin along with the anionic pan- 
creatic proteins. Trypsinogen, ribonuclease and part of the 
chymotrypsinogen of pancreatic juice were not adsorbed on 
DEAE-cellulose at this pH, but emerged as a large protein peak, 
i.e. the break-through peak, immediately after displacement of 
the hold-up volume. Accordingly, further precautions were 
taken against activation of the zymogens in the break-through 
peak during chromatography. As soon as protein material 
began to appear in the effluent, use of the automatic fraction 
collector was discontinued and the effluent was collected directly 
into a dilute solution of soy bean trypsin inhibitor in the amount 
of 1 mg./ml. At intervals, aliquots of effluent were collected 
separately for optical density measurements. 

When the material in the break-through peak had been 
collected and the absorption at 280 my had returned to a baseline 
value, gradient elution of the anionic proteins was begun. A 
linear gradient from 0.005 m to 0.4 mM potassium phosphate, 
pH 8.0, was established. Fig. 1 presents the elution diagram 
for this experiment. All fractions containing significant amounts 
of protein were lyophilized as soon as possible and held as dry 
powders at —20°, for subsequent characterization. 


The optical density of each fraction was 


Anionic Components 


The anionic components of pancreatic juice were tested, before 
and after incubation with trypsin, against a series of substrates 
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TaB_e II 
Enzymatic properties of anionic components of 
bovine pancreatic juice 








Anionic 
com- BAEE | ATEE| CGP BGL DNA | RNA | Tryptic activation* 
ponent 
1 ~_ - ~ + - — | Not required 
2 - + — | tracet) — — | Required 
3 - - - a - — | Required 
4 t t t - + — | Not required 
5 as a = - = = 
6 ims —_ “a - fa as 
7 _ + + _ = — | Required 
8 - “}- + > _ — | Required 


























* The conditions of activation, when required, are given in the 
text. 

t Probably due to overlap of Peaks 1 and 3. 

t Not tested. 


Taste III 
Comparison of anionic Component 2 with chymotrypsinogens 
a and B 
The properties of Component 2 were determined as described 
in the text. The properties of chymotrypsinogens a and B were 
determined as described elsewhere (25, 26). 














l l 

Property | pent 2 | eyomge | mete 
820, w | 2.53 8 | 2.498 2.53 8 
pI | 5.1 5.2 >9.0 
Effluent concentration (phosphate) | 0.05 m | 0.048 m| Not held 
k’*, ATEE | 1.43 | 1.43 2.2 
k’*, ATryEE | 0.065 | 0.053 0.64 





* Moles of substrate hydrolyzed/liter/min./mg. N/ml. 


chosen to reveal specific endopeptidase, exopeptidase or nuclease 
action. A qualitative summary of the results is presented in 
Table II. 

Components 1 and 3—It will be noted that both Components 
1 and 3 have the specificity of carboxypeptidase-B, i.e. they 
catalyze the release of free lysine from the peptide, BGL (16). 
Neither of these components is active toward CGP, the specific 
substrate for carboxypeptidase-A. However, whereas Com- 
ponent 1 was fully active toward BGL without tryptic activation, 
Component 3 required tryptic activation (0.1 mg. protein N 
plus 0.01 mg. trypsin N per ml. of pH 8 tris(hydroxymethyl)- 
aminomethane buffer at 25° for 30 minutes). Accordingly, 
Component 3 may correspond to procarboxypeptidase-B, as 
prepared by Folk and Gladner from acetone powder of beef 
pancreas glands.° 

Component 1 cannot be unequivocally identified at this time. 
Two proteins with enzymatic properties similar to those of 
Component 1 have been described: (a) carboxypeptidase-B, the 
activation product of procarboxypeptidase-B (16), and (6) 
protaminase, as prepared by Weil and Telka (24) from acetone 


5 Personal communication from Jules A. Gladner and J. E. Folk. 
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powders of hog pancreas. Both of these enzymes are reported 
specifically to remove basic amino acid residues from a carboxyl- 
terminal position, but neither of the proteins has been character- 
ized as a physicochemical entity. Hence, Component 1 could 
correspond either to protaminase or to the product of activation of 
Component 3 (procarboxypeptidase-B). It is significant in this 
respect that in this experiment no other zymogen of the pan- 
creatic juice had become spontaneously activated.® 

Component 2 accounts for approximately 15 per cent of the 
total protein of bovine pancreatic juice. As shown in Table II, 
it is active toward the synthetic substrate ATEE, and requires 
tryptic activation. It resembles in these respects the pancreatic 
chymotrypsinogens, chymotrypsinogen-a and chymotrypsinogen- 
B. Comparison of the physicochemical and enzymatic properties 
of Component 2 with those of chymotrypsinogens a and B 
indicated this protein to be identical with Laskowski’s chymo- 
trypsinogen-B (cf. Table III). 

Solutions of Component 2 were analyzed in the ultracentrifuge 
(Spinco model E) in sodium acetate-NaCl buffers of ionic strength 
0.2, pH 4.0. The protein was ultracentrifugally homogeneous, 
and sedimentation constants were obtained at four protein 
concentrations over the range of 0.3 to 1.0 per cent protein. 
Extrapolation of these data to infinite dilution gave the value 
80,0 = 2.53 Svedberg units for Component 2. Under the 
same experimental conditions, Smith et al. (25) found the sedi- 
mentation constants of chymotrypsinogen-a and chymotryp- 
sinogen-B to be 2.53 and 2.49 Svedberg units, respectively. 
Component 2 was examined electrophoretically at three pH 
values in buffers of the composition used by Kubacki, Brown, 
and Laskowski in their comparison of the electrophoretic prop- 
erties of chymotrypsinogens a and B (26). The sample of 
Component 2 used for these experiments was not electrophoreti- 
cally homogeneous, but the electrophoretic mobilities of the 
major component at pH 5.13, 5.6 and 6.15 with sodium acetate 
buffers of ionic strength 0.1, were, respectively, —0.05 « 10-5, 
—0.99 X 10-5,and —1.20 X 10-5sq.cm./volt sec. The isoelectric 
point is thus near pH 5.1. Under the same experimental condi- 
tions, Kubacki et al. found the isoelectric point of chymotryp- 
sinogen-B to be 5.2, whereas chymotrypsinogen-a is isoelectric 
at a pH greater than 9.1 (26). 

The chromatographic behavior of chymotrypsinogen B and 
the present anionic chymotrypsinogen were compared on DEAE- 
cellulose columns, 0.9 em. X 33 cm., at pH 8.0. Each protein 
was equilibrated with 0.005 m potassium phosphate, pH 8.0, 
and applied to a separate column of DEAE-cellulose which had 
been equilibrated with the same buffer. A linear gradient was 
established in both cases between 0.005 m and 0.2 m potassium 
phosphate, pH 8.0. The concentration of phosphate buffer 
in the effluent fractions containing the maximal concentration 
of eluted protein was measured, and found to be 0.05 m for Com- 
ponent 2 and 0.048 m for chymotrypsinogen B. Chymotryp- 
sinogen-a is not adsorbed at this pH on the anion exchange resin, 
DEAE-cellulose. 

For study of their enzymatic properties, solutions of the 
respective chymotrypsinogens were prepared in 0.04 m phosphate 
buffers, pH 8.0. Trypsin was added to approximately 2 per 
cent by weight and the activation reaction was allowed to pro- 
ceed to completion at 0°. Two synthetic substrates were used 


* Arbitrarily, in this manuscript the protein of Component 1 
will be designated carboxypeptidase-B, because of its bovine ori- 
gin. 
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for comparison of the relative activities of the enzymes: ATEE, 
0.01 m in 0.015 m phosphate-0.1 m KCl buffer, pH 7.8; and 
ATryEE, 0.01 m in 0.01 m phosphate-0.07 m KCI buffer, pH 7.8, 
containing 30 per cent methanol. As is shown in Table III, 
Component 2 corresponds closely to authentic chymotryp- 
sinogen-B in its enzymatic properties. By sedimentation and 
by chromatographic, enzymatic and electrophoretic analyses, 
therefore, the anionic chymotrypsinogen of pancreatic juice 
corresponds to Laskowski’s crystalline chymotrypsinogen-B. 

Component 4, accounting for approximately 2 per cent of the 
proteins of pancreatic juice, is the only anionic component which 
catalyzes the hydrolysis of thymus DNA. At the time of assay, 
the specific activity of this component was only one-half that of 
crystalline deoxyribonuclease (18). It seems probable that the 
lower activity results either from instability of the enzyme in 
the dilute effluent fractions or from contamination of Peak 4 
with adjacent inert protein. 

Components 5 and 6 have eluded enzymatic characterization, 
except in the negative sense portrayed in Table II. Neither 
protein showed a significant level of activity, before or after 
tryptic treatment, against any of the synthetic substrates which 
have been tested, nor did they possess significant lipolytic or 
amylolytic activity. Each component wasexamined ultracentrif- 
ugally at a protein concentration of about 0.5 per cent. The 
sedimentation constants of Components 6 and 7 at this concentra- 
tion were 2.65 and 4.5 Svedberg units, respectively. 

Components 7 and 8 correspond, in all respects, to preparations 


of procarboxypeptidase previously studied by the authors (23). . 


As is shown in Table II, these two components have identical 
enzymatic properties, e.g. an endopeptidase action on ATEE 
and an exopeptidase action on CGP. Tryptic activation’ is 
required for both activities. As was observed with procar- 
boxypeptidase-A, prepared from acetone powders of beef pan- 
creas, the two enzymatic activities appear at different rates. 
Thus, activation of the zymogen to the endopeptidase proceeds 
rapidly at low temperatures and low concentrations of trypsin, 
whereas conversion to the exopeptidase requires incubation at 
37°, with relatively high concentrations of trypsin and involves, 
in addition, participation of the ATEE-hydrolyzing enzyme. 
These relationships are being further investigated. The sedi- 
mentation constants of components 7 and 8 were measured at 
a single protein concentration of approximately 1 per cent and 
found to correspond to the sedimentation constant of pro- 
carboxypeptidase-A (5.86 Svedberg units). Moreover, the 
behavior of these components on DEAE-cellulose is the same 
as the behavior of previously isolated procarboxypeptidase (23), 


Cationic Components 


Portions of the break-through peak from DEAE-cellulose 
columns were again subjected to chromatography, with use of 
the Amberlite cation exchange resin XE-64. For comparison, 
mixtures containing known proportions of several crystalline 
pancreatic proteins were prepared and analyzed under the same 
conditions. Fig. 2 presents the results of a typical experiment. 
A solution containing 2.3 mg. of soy bean trypsin inhibitor, 4.3 
mg. of chymotrypsinogen-a and 8.5 mg. of trypsinogen in 1 ml. 
of potassium buffer (0.2 m, pH 6.0) was prepared. Another solu- 

7In the present experiments, Components 7 and 8 contained 
some of the soy bean inhibitor which was added at the outset of the 
experiment. It was necessary, therefore, to add trypsin in excess 
of the soy bean inhibitor, to effect activation. 
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CATION EXCHANGE CHROMATOGRAPHY 


XE-64 Column * 0.9 cm x 31cm Q2 M Potassium Phosphate, 6.0 





Tg 


- 


24- 
204 
16-7 
12- a-ChTg 


STI. 
08- 








OPTICAL DENSITY, 280 my. 
Oo 











T qT T ul cs —< u Tt 
8 16 24 32 40 48 5S 
EFFLUENT VOLUME (mL) 

Fic. 2. Upper, chromatographic resolution on XE-64 of a syn- 
thetic mixture of crystalline trypsinogen, chymotrypsinogen-a 
and soy bean trypsin inhibitor. Lower, chromatographic reso- 
lution of the cationic proteins of bovine pancreatic juice. Details 
of experiments are given in the text. 


tion was prepared, containing 11 mg. of lyophilized break-through 
proteins in 1 ml. of the same buffer. Each solution was chroma- 
tographically analyzed on XE-64, according to the procedure of 
Hirs, Stein, and Moore (7), except that the experiment was 
conducted at 4° rather than at room temperature. It will be 
noted (cf. Fig. 2) that protein peaks appeared at the same effluent 
volumes in the two diagrams. Moreover, enzymatic assays have 
shown that in both patterns Peak 1 is the added soy bean trypsin 
inhibitor, Peak 2 is trypsinogen,* and Peak 3 is chymotrypsinogen- 
a. Upon activation, the zymogens of pancreatic juice attained 
the same specific activities as did their crystalline counterparts. 

In subsequent experiments, crystalline ribonuclease was added 
to the synthetic mixture of proteins, and chromatography was 
performed at pH 6.47. Trypsinogen and chymotrypsinogen-a 
were poorly resolved at this pH, but a component corresponding 
chromatographically and in activity to ribonuclease-A was found 
to exist in the pancreatic juice. Although no component corre- 
sponding to ribonuclease-B was seen (28), it cannot be said in 
the light of these experiments that this protein is not present in 


8 In personal communications we have learned that Dr. Harris 
Tallan has developed a similar method for the chromatographic 
analysis of trypsinogen on XE-64 at 4°, wherein the effluent vol- 
ume is approximately 20 ml.; Dr. Stanford Moore informed us that 
he has also observed chymotrypsinogen-a to emerge at about 44 ml. 
when chromatography was carried out in the cold. 
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Composite Diagram of Proteins of Bovine 
Pancreatic Juice 
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Fic. 3. Composite drawing of the cationic and anionic proteins 
of bovine pancreatic juice. Explanatory descriptions are given 
in the text. 


pancreatic juice. Ribonuclease-B may be present at a concentra- 
tion too low to have been detected, or could conceivably have 
been masked by the relatively larger peaks of trypsinogen and 
chymotrypsinogen-a. 

A composite diagram of the anionic and cationic components 
of pancreatic juice which were resolved by the two resins is 
presented in Fig. 3. For purposes of presentation, data from the 
cation exchange column (XE-64) were adjusted to conform to 
the scale of the anion exchange column, DEAE-cellulose. The 
components are arranged, in order of decreasing basicity, from 
ribonuclease-A to procarboxypeptidase-A. The relative propor- 
tions of the respective components, as estimated from optical 
density measurements, are presented in Table IV. In general, 
these data are in agreement with the earlier estimates (cf. 
Table I) made from enzymatic activities of unfractionated 
pancreatic juice. It is noteworthy, moreover, that the chroma- 
tographic spectra of different samples of bovine pancreatic juice 
have been quite similar, qualitatively and quantitatively. 
Although the absolute concentration of protein in the secretion 
has varied, the relative proportions of the respective major 
components have been constant. Similar parallelism of lipase, 
amylase and protease activities in the pancreatic juice of other 
species has been reported (29). 


TasLe IV 
Relative proportions of components of bovine pancreatic juice 








Component Per cent total protein 

Proteolytic 

ceo) er 14 

Chymotrypsinogen-a............... 16 

Chymotrypsinogen-B................ 16 

Procarboxypeptidase A.............. 19 } 72% 

Procarboxypeptidase B 

MU frees e5es Be. 7 
Carboxypeptidase B } 

Nucleolytic 

Ribonuclease....................004. et 4% 

Deoxyribonuclease................. Lai” 
yo, <2% 
ESEMINAR AAS, Aa Very low 
Unidentified. ....................004. 10% 
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DISCUSSION 


By means of ion exchange chromatography, approximately 90 
per cent of the protein of bovine pancreatic juice can be recovered 
as discrete components, and about 76 per cent of the protein can 
be related to known pancreatic proteins. By the criteria applied, 
which have included chromatographic behavior, enzymatic 
activities, and in some cases physicochemical properties, fiive 
components of bovine pancreatic juice were found to be identi- 
cal to their previously isolated counterparts. These are tryp- 
sinogen, chymotrypsinogen-a, chymotrypsinogen-B, procarboxy- 
peptidase-A, and ribonuclease-A. Although the comparative 
study was not extended to the molecular level, for identification 
of end groups, activation-peptides, etc., the chromatographic 
identity of these five proteins of pancreatic juice with the corre- 
sponding crystalline proteins obtained from acid extracts of the 
pancreas gland provides strong evidence for their identity. 

A large proportion of the total proteins of bovine pancreatic 
juice is composed of proteolytic enzymes or their respective 
zymogens. The proteolytic components which have been identi- 
fied account for 72 per cent of the total protein of bovine pan- 
creatic juice, whereas only 4 per cent of the protein has nucleolytic 
activity. The proteolytic activity is composed of several 
endopeptidases including trypsin, chymotrypsins of the a and 
B family, and two exopeptidases, both of which are directed 
toward release of carboxyl-terminal residues. No amino pepti- 
dase activity was detectable in unfractionated pancreatic juice. 
The low levels of amylase and lipase activities in bovine pan- 
creatic juice are consistent with the digestive habits of the 
ruminant animal (30). Probably a variety of enzymes, other 
than those cited herein, are present in the pancreatic secretion 
in low concentrations, but possibly with high enzymatic activity. 

No attempt was made to identify the enzyme or enzymes 
responsible for elastolytic action, since, although the preparation 
of crystalline elastase from beef pancreas gland has been reported 
(31), no properties of the crystalline protein were given. More- 
over, crystalline preparations of elastase from other sources (32) 
have been shown to be complex in nature and to exhibit at least 
two activities. It has not been ruled out that one of these 
activities is due to the well known pancreatic protein, chymo- 
trypsin-a. 

The relative roles of the two pancreatic chymotrypsinogens 
remain unknown. Bovine pancreatic juice contains the basic 
chymotrypsinogen-a and the acidic chymotrypsinogen-B in 
equivalent concentrations. Although qualitatively similar in 
their specificities (33), chymotrypsins from the a and B families 
hydrolyze their substrates at different rates (34), and the relative 
reaction rates are influenced by the conditions of assay as well 
as the nature of the substrate (35). In the present case, the 
activities of chymotrypsin-a and chymotrypsin-B were studied 
under a limited set of conditions primarily for the purpose of 
comparison. More data would be required to evaluate the 
significance of the different ratios of activity observed with the 
two synthetic substrates, ATEE and ATrvEE (ef. Table IT1). 


SUMMARY 


A chromatographic system has been develcped for the quanti- 
tative separation of the protein components of bovine pancreatic 
juice, obtained from steers with a permanent pancreatic fistula. 
With the use of cellulose ion exchange columns, eight anionic 
protein components were separated from one another, six of 
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which could be identified, respectively, as carboxypeptidase-B, 
procarboxypeptidase-B, chymotrypsinogen-B, deoxyribonuclease 
and the two forms of procarboxypeptidase-A. Resolution of the 
cationic components on XE-64 yielded, respectively, trypsinogen, 
chymotrypsinogen-a and ribonuclease-A. The quantitative 
distribution of these and other enzymatic components of bovine 
pancreatic juice has been determined with the result that approxi- 
mately 72 per cent of the total proteins possess proteolytic 
activity. Five components of the pancreatic juice, 7.e. trypsino- 
gen, chymotrypsinogen-a, ribonuclease-A, chymotrypsinogen-B 
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and procarboxypeptidase-A were found to correspond chromato- 
graphically and enzymatically to the forms previously isolated 
from beef pancreas glands. 
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A specific phosphatase for 2,3-diphosphoglyceric acid (2,3- 
DPGA!) has been reported by Rapoport and Luebering (1) and 
by Sutherland et al. (2). Rapoport and Luebering (1) studied 
in some detail a number of the kinetic properties of glycerate- 
2,3-diphosphatase from rat and rabbit skeletal muscle. Wide 
distribution of this phosphatase in animal tissues has been noted. 
While in this laboratory, Dr. J. C. Towne found activity for 
the enzyme in homogenates of beef tissues (heart, brain, muscle, 
liver, and kidney), and Dr. V. W. Rodwell observed marked 
activity in water extracts of acetone powders of rabbit brain, 
heart, and muscle. Rabbit liver and kidney, although active, 
had lower specific activities (3). This paper presents a method 
for the purification of glycerate 2,3-diphosphatase from chicken 
breast muscle and baker’s yeast. A comparative study of the 
kinetic properties of the enzyme from these two sources is also 
presented. 


METHODS AND MATERIALS 


2,3-DPGA was isolated from pig blood by a modification (4) 
of the procedure of Greenwald (5). 3-PGA, free from DPGA, 
and pi-2-PGA were prepared as previously described (6,7). A 
sample of p-2-PGA -was obtained from Dr. Clinton Ballou. 
Chicken breast acetone powder, 3-PGA mutase, enolase, and 
pyruvic kinase were prepared as previously described (6). Other 
materials were commercial products. Procedures for estimation 
of 2,3-DPGA and 2-PGA have been described previously (6, 8). 
Pyruvic acid was estimated by the method of Friedemann and 
Haugen (9) and phosphate by the method of Gomori (10). 
Mercury was measured by the method of Lang and Nelson 
(11). However, this method was adapted for smaller volumes 
by scaling down to one-tenth the prescribed conditions (11). 
Protein was estimated by the modified Biuret reaction of Mo- 
krasch et al. (12). Occasionally, protein was estimated by a 
standard micro-Kjeldahl procedure.? 

Assay—Routinely, the following components were mixed in a 
final volume of 1.5 ml.: 75 wmoles buffer (Tris, pH 7, for muscle, 
and acetate, pH 5, for yeast); 4.5 um 2,3-DPGA and enzyme. 
Unless otherwise specified all incubations were carried out at 38° 


* Supported by Grant No. 67, Helen Hay Whitney Foundation 
and the Kansas Heart Association. 

+ Established Investigator of the American Heart Association. 

1The abbreviations used are: 2,3-DPGA, p-2,3-diphospho- 
glyceric acid; 3-PGA, p-3-phosphoglyceric acid; 2-PGA, p-2-phos- 
phoglyceric acid; ATP, adenosine triphosphate; ADP, adenosine 
diphosphate; Pi, inorganic phosphate; Tris, tris(hydroxymethy])- 
aminomethane; PGAM, phosphoglyceric acid mutase. 

2 Although Biuret estimations are less time consuming and 
therefore preferred, they are misleading in the last steps of puri- 
fication. 


for 30 minutes. Incubation mixtures were deproteinized by the 
addition of 1 ml. of 10 per cent HCIO, followed by centrifugation. 
Aliquots of the supernatant fluids were tested for inorganic phos- 
phate (10). 

Definition of Enzyme Unit and Specific Activity—A unit of 
enzyme is defined as the amount of enzyme which liberates 
1 mole of inorganic phosphate under the conditions of the assay 
indicated above in a 30 minute interval. Specific activity is 
defined as the enzyme units per mg. protein. 

Experimental—All operations during fractionation were carried 
out at 0°. All centrifugations were continued until clear sep- 
arations were obtained. In general, 10 minutes at 4000 x g 
was adequate. Solvents were measured and added at —20°. 
The rate of addition was adjusted so that the temperature did 
not rise above 6° during addition. 95 per cent ethanol was 
always used. The mercuric acetate used during purification 
was 0.03 m in 0.1 M or in 0.05 Mm acetate buffer, pH 5.6, for muscle 
and yeast, respectively. The potassium 2,3-DPGA added dur- 
ing the purification of the muscle diphosphatase was 0.03 m at 
pH 7. 

Purification from Muscle. In a typical preparation, 10 gm. 
of chicken breast muscle acetone powder were extracted with 
100 ml. of water for 10 minutes with gentle stirring and then 
centrifuged. To each ml. of the supernatant fluid (crude ex- 
tract in Table I) 1.5 wmoles of 2,3-DPGA and 1.57 ml. of etha- 
nol were added. The alcoholic mixture was centrifuged and the 
supernatant fluid was discarded. The precipitate was taken in 
water to the original volume of the crude extract (ethanol Frac- 
tion I, see Table I). 

Each ml. of the ethanol Fraction I was mixed with 0.5 ml. of 
a solution containing 1.5 um mercuric acetate, 75 um Tris buffer, 
pH 7, and 3 um 2,3-DPGA. The mixture was incubated at 
38° for 5 minutes and immediately chilled to 5° in an ice water 
bath. The insoluble precipitate formed was discarded after 
centrifugation and the supernatant fluid was retained (Hgt+ 
Fraction I, see Table I). 

To each ml. of this fraction, 0.725 ml. of ethanol was added. 
The mixture was centrifuged and the precipitate was discarded. 
To each ml. of the supernatant fluid were added 1.22 ml. of 
ethanol. The supernatant fluid was discarded after centrifuga- 
tion and the precipitate was taken in water to one-tenth the 
volume of the Hg Fraction I (ethanol Fraction II). Any in- 
soluble material was discarded after centrifugation. 

To each ml. of the ethanol Fraction II, 0.5 ml. of a solution 
containing 62.5 um Tris buffer, pH 7, 3.75 um potassium 2,3- 
DPGA, and 1.25 um mercuric acetate was added. The mixture 
was placed in a 45° water bath with constant agitation for 4 
minutes, chilled to 0° and centrifuged. The insoluble material 
was discarded and the supernatant fluid was obtained (Hg*+ 
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Fraction II). To each ml. of this fraction, 3 wmoles of 2,3- 
DPGA and 1.34 ml. of ethanol were added. The precipitate was 
centrifuged off and discarded. 1.25 ml. of ethanol were added to 
each ml. of the supernatant fluid and the precipitate formed was 
separated by centrifugation and taken in water to about one- 
fourth the volume of the Hg*+ Fraction II. Any insoluble 
material was centrifuged off and discarded (ethanol Fraction 
III). 

A summary for the purification procedure is shown in Table I. 

Purification from Yeast—In a typical preparation, 1 pound of 
fresh Fleischmann’s yeast was crumbled into a large plastic 
container, and warmed to 38° in a water bath (50-60°). 50 ml. 
of toluol were mixed in thoroughly, and the mixture was kept at 
38° for 5} hours after liquification. 1 liter of water was mixed 
in, the mixture centrifuged, and the insoluble material discarded. 
The supernatant fluid was filtered through glass wool. To the 
filtrate (crude extract) 0.1 volume of 0.5 m Tris buffer, pH 7 
and 0.05 volume of mercuric acetate were added. The mixture 
was placed in a water bath (45°) with constant agitation until 
the inside temperature reached 38° then chilled in an ice water 
bath, and centrifuged; the insoluble material was discarded. 
The supernatant fluid, (Hg*+ Fraction I) was mixed with an 
equal volume of ethanol and centrifuged. The precipitate was 
taken up in water to about one-fifth the volume of the crude 
extract. Any insoluble material was discarded after centri- 
fugation. The supernatant fluid (ethanol Fraction I) was ad- 
justed to pH 5 + 0.05 (pH measured at 25°) with 0.1 N acetic 
acid (approximately 15 ml. were needed). Any insoluble ma- 
terial was centrifuged off and discarded. The pH was then 
brought to 6.9 + 0.05 with 0.2 n KOH (approximately 5 ml. 
were needed). The neutralized fluid (acid treated fraction) was 
diluted with an equal volume of water and 6.6 ml. of mercuric 
acetate and 158 ml. of methanol were added and the insoluble 
precipitate was discarded. 112 ml. of methanol were added to 
the supernatant fluid and the mixture was centrifuged. The 
precipitate was taken up in water to one-fifth the volume of the 
acid-treated fraction (methanol Fraction I). 

To the methanol Fraction I, 1.65 ml. of 0.5 m acetate buffer, 
pH 4.8, and 13.1 ml. of methanol were added, and the insoluble 
material was centrifuged off and discarded. The supernatant 
fluid was mixed with 8 ml. of methanol, centrifuged, and the 
precipitate was taken up with water to one-fifth the volume of 
methanol Fraction I. The pH was adjusted to 6.5 + 0.1 with 
0.15 Nn KOH (methanol Fraction II). 

It is advisable to carry a preliminary fractionation for this 
step, as some variation has been encountered, between the limits 
0 to 24 per cent and 0 to 27 per cent methanol for the first cut. 
The active fraction extended from this limit to 38 per cent 
methanol. A summary for the purification procedure is shown 
in Table II. 


Properties of Enzymes 


Effect of pH—The effect of pH upon the rate of dephosphoryla- 
tion of 2,3-diphosphoglycerate with the muscle and yeast 
enzymes is seen in Fig. 1 which shows about 1 pH unit difference 
between the optima. 

As shown in Tables I and II, even the purest fractions of yeast 
and muscle enzyme have a large excess of mutase activity over 
the phosphatase activity. Advantage was taken of the broad 
pH activity curve with the yeast enzyme to investigate the 
mechanism of the diphosphatase action at pH below 4 (see below). 
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TaBLeE I 
Purification of glycerate 2,3-diphosphatase from muscle 











Ratio of 
. Total Total® Total | Specifi = | PGAM 
Fraction ouhane a pecteln activity Yield to iphos- 
| phatase 
mil. | mg. units/mg. % Ss Ps 
protein | 
Crude extract....| 66 146 1150 0.13 | 100 4750 
Ethanol Fraction 
I -| 65 109 536 0.20 74 | 6180 


Hg** Fraction I.. 
Ethanol Fraction 
WEG ate an ewan 9.2 193 65 
Hg** Fraction II.} 13.2 | 205 54.6 
Ethanol Fraction 

ES a\ks tek, cee 127 12.5) 10.20 87 | 38 


92.8 | 224 324 0.69 | 153t | 56 


2.97 | 132 40 
3.47 140 42 




















* The conditions of the assay were as described in the text. 

+ Mutase was measured as previously described (8, 14). The 
activity is expressed in the same units as the glycerate 2,3-di- 
phosphatase. 

t The crude extracts of both muscle and yeast were tested for 
mercury effect between the concentrations 5 X 10-5 m to 2 X 107? 
M. In no case was there any marked activation of the yeast 
enzyme, whereas the muscle enzyme was stimulated between the 
limits 2 X 10°? m and 1 X 10°‘ m. 


TaBLe II 
Purification of glycerate 2,8-diphosphatase from yeast 

















Ratio of 
Fraction volume | units | protein | cttviny | Yield |. Sonn? 
phatase 
mil. mg. units/mg. Q 
protein 
Crude extract. ...| 1134 2620 |17,200 | 0.15 | 100 2270 
Hg Fraction I....| 1261 1880 {11,300 | 0.17 72 2290 
Ethanol Fraction I) 175 1730 | 3,760 | 0.35 66 3520 
Acid treated frac- 
es 825 | 1,200 | 0.69 32 2700 
Methanol Fraction 
RR ee See 33 442 300 | 1.47 17 3310 
Methanol Fraction 
a er 5.4; 222 88 | 2.53 8.5 | 2530 

















* The conditions of the assay were as described in the text. 

Tt The ratio of mutase to diphosphatase activity remained high 
even after fractionation of aged crude extracts. Storage of crude 
extract at 4° for 4 days, resulted in loss of 65 per cent of the 
mutase activity although the phosphatase activity remained 
essentially the same. Fractionation of aged extracts was dis- 
continued because there was no marked advantage in dissociating 
the two enzymatic activities. Furthermore, the latter steps of 
the procedure were somewhat altered. Units of mutase are ex- 
pressed as in Table I. 


It should be pointed out that the pH curves presented here 
are somewhat different from the pH curve reported by Rapoport 
and Luebering for the rat or rabbit skeletal muscle glycerate 2 ,3- 
diphosphatase (1). 

Influence of Substrate Concentration on Enzyme Activity—The 
effect of substrate concentration was studied at pH 5 and 7 for 
the yeast and muscle enzymes, respectively, and the data are 
shown in Fig. 2. From the plotting of the data according to 
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Fig. 1. The effect of pH. The standard conditions of assay 
were used. For pH 2.7 to 6.5, 75 umoles of the corresponding ace- 
tate buffer were added. For pH 7 to 9.2, 75 wmoles of the corre- 
sponding Tris buffer were used. @——®@, yeast, Fraction II; 
@——8, muscle, ethanol Fraction III. 

















Fig. 2. Influence of substrate concentration upon velocity. 
The standard conditions of assay were used except for variations 
in substrate (S) as indicated in the abscissa of the figure, ex- 
pressed in micromoles. Velocity (V) is expressed as micromoles 
of inorganic phosphate liberated during incubation. O——O, 
yeast enzyme; @——@, the same data expressed as reciprocals 
of velocity and substrate; O——O, muscle enzyme; B——S, 
the same data expressed as reciprocals of velocity and sub- 
strate. 


Lineweaver and Burk (13) as shown in the figure, the Michaelis- 
Menten constant (K,,) was calculated to be 3.3 x 10-4 m and 
1.8 x 10-* m for the yeast and muscle, respectively. 

Effect of Time of Incubation and Enzyme Concentration—Under 
the conditions shown in Fig. 3, there is proportionality for the 
dephosphorylation of 2,3-DPGA with time when the yeast 
enzyme is used. However, there is no proportionality between 
time and effect when the muscle enzyme is used. Similar rela- 
tions occur when the effect of enzyme concentration was tested 
with muscle and yeast phosphatases as shown in Fig. 4. This 
is not due to the higher K,, for the muscle enzyme, since first, 
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Fic. 3. The effect of time of incubation on the dephosphoryla- 
tion of 2,3-DPGA. Standard conditions of assay were used 
except as indicated. @——@, yeast, methanol Fraction II; 
@— 8, muscle, ethanol Fraction III with 4.5 uwmoles 2,3-DPGA 
as substrate; O——O, muscle, ethanol Fraction III with 10 
umoles 2,3-DPGA as substrate. 
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Fic. 4. The effect of enzyme concentration on the dephos- 
phorylation of 2,3-DPGA. Standard conditions of assay were 
used except as indicated. @——@, yeast, methanol Fraction 
Il; @——, muscle, ethanol Fraction III with 4.5 umoles 2,3- 
DPGA as substrate; 0 O, muscle, ethanol Fraction III with 
10 wmoles 2,3-DPGA as substrate. 





there was limited utilization of substrate and secondly, tests 
were run at the two concentrations of substrate shown in Figs. 3 
and 4. It was apparent that this could be due to inhibition by 
the products of the reaction. Rapoport (1) has shown the 
marked inhibitory affect of 3-PGA for the glycerate 2, 3-diphos- 
phatase and this has been confirmed for both the yeast and 
muscle phosphatase as shown on Table III. It is of interest, 
however, that the muscle enzyme is more inhibited by 3-PGA 
than is the yeast enzyme. Attempts to study the effect of 
2-PGA as shown in Table IV indicated marked inhibitory effects 
in contradiction to the observations of Rapoport. However, 
as shown in Tables I and II and as discussed below, both the 
yeast and muscle enzyme preparations contain a large excess of 
3-PGA mutase activity and therefore the 3-PGA and 2-PGA 
will be in equilibrium soon after initiation of the test. 

Specificity—The purest preparation of muscle phosphatase is 
inactive with ATP, 6-glycerophosphate, 3-PGA, 2-PGA, and 
fructose 1,6-diphosphate. There are only traces of activity with 
the last three substrates with the yeast phosphatase. 
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Effect of Ions—Since Rapoport reported a marked activation 
of his preparation by Hg*++ and Ag*, and since crude prepara- 
tions of the chicken muscle glycerate 2 ,3-diphosphatase enzyme 
appear to be activated by Hg**, advantage was taken of this 
for the purification of the enzyme as described above. Hg**, 
Zn++, Cut++, and Agt up to 3 X 10-*m and Mg*+ up to 5 x 10-3 
m had no effect on the purified yeast or muscle diphosphatases. 
It is possible that the apparent lack of effect of Hg++ with the 
purified muscle preparation is due to a complex formation 
between the metal and the protein activating and/or protecting 
the enzyme, or that the heavy metal acts by removing an 
inhibitor. If the first possibility were true, it would indicate 
an extremely high affinity for the metal (whether chelated 
through the 2,3-DPGA or directly to the enzyme). Therefore 
tests were conducted to find whether purified preparations 
contained Hg**+. 

Analysis for mercury present (11) in the muscle and yeast 
preparations (ethanol Fraction III and methanol Fractions II, 
respectively) showed them to have the following: muscle—60 yg. 
mercury/mg. protein and yeast 40 ug. mercury/mg. protein. 
These preparations contained respectively 48 and 40 units of 
glycerate 2,3-diphosphatase activity. Assuming an average 
of 100,000 for the molecular weight of the total proteins present 
in both preparations, there is a molar ratio of 30 and 20 for 
mercury to protein for muscle and yeast, respectively. Attempts 
to study the strength of binding by dialysis were of doubtful 
nature in that 73 per cent of the mercury and 83 per cent of the 
activity of the yeast enzyme were lost in 24 hours. 

Effect of Temperature upon Rate—The Qio for the muscle 
enzyme was estimated to be 1.77 and 1.79 as measured from 
22.4-30° and from 30-38°. The Qio for the yeast phosphatase 
was estimated to be 2.12 and 1.71, measured at the same tempera- 
ture. 

Heat Stability—Heating for 4 minutes at 50° inactivated com- 
pletely the muscle glycerate 2 ,3-diphosphatase (ethanol Fraction 
I). However, this fraction in the presence of mercury and 
2,3-DPGA retained 90, 15, and 5 per cent of its activity when 
heated for 5 minutes, at 50°, 60°, and 65°, respectively. There 
was complete loss of activity when heated to 70°. Parallel 
measurements of mutase activity showed a similar pattern of 
stability. 

Because of the larger mutase contaminant of the yeast phos- 
phatase, such detailed study of the yeast enzyme has not been 
conducted. However, heating the yeast Hg++ Fraction I for 
3 minutes at 50° results in the loss of about 25 per cent of the 
activity with and without 2,3-DPGA. 

Stoichiometry—1800 um acetate buffer, pH 3.8, 108 um 2,3- 
DPGA adjusted to pH 4, and 104 units of yeast enzyme, methanol 
Fraction II (the crude extract was held at 4° for 4 days before 
fractionation) were mixed and made up to 36 ml. Samples 
were deproteinized with 3 volumes of ethanol followed by centri- 
fugation before and after incubation for 60 minutes at 38°. 
Deproteinized samples were concentrated to a small volume 
(vacuum, 60°). Analysis of the aliquots showed the disappear- 
ance of 74 umoles of 2,3-DPGA and the appearance of 73 and 82 
umoles of inorganic phosphate and of mixed monophospho- 
glycerates, respectively.’ 


’The total monophosphoglycerates (2- and 3-PGA) were 
estimated by incubating aliquots, calculated to have 1.5 um or 
less, with 10 um MgSO,, 8 um ADP, 0.5 um 2,3-DPGA, 100 um 
phosphate buffer, pH 6.9, and 25 and 40 units of enolase and 
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Tase III 
Inhibition of glycerate 2,3-diphosphatase by 3-phosphoglycerate 


| 
Muscle enzyme | 





Yeast enzyme 








2,3-DPGA 3-PGA Pi 2,3-DPGA 3-PGA Pi 

added added formed added added formed 
pumoles pumoles pmoles pumoles umoles umoles 
4 0 2 0.06 

10 0 5 0.07 

20 0 10 0.02 

4 1.04 2 0.69 

10 1.64 5 0.89 

4 4 0.42 2 2 0.50 

4 10 0.23 2 5 0.38 

10 4 0.99 5 2 0.62 
10 10 0.43 5 5 0.51 
10 20 0.18 5 10 0.36 




















In the assay of the muscle enzyme, each tube contained, per 3 
ml., 150 um Tris buffer, pH 7.0, substrates as indicated above, and 
enzyme. The assay of the yeast enzyme contained 150 um acetate 
buffer, pH 5 instead of Tris buffer. The incubation mixtures were 
deproteinized with 1.5 ml. 10 per cent HCIO,. 








TaBLe IV 
Inhibition of yeast glycerate 2,3-diphosphatase by 2-PGA 
2,3-DPGA added p-2-PGA added Pi formed 
pmoles pmoles moles 
0 3.0 0.05 
3 0 0.96 
3 0.5 0.94 
3 1.0 0.96 
3 3.0 0.65 











Each tube contained in 1 ml., 50 um acetate buffer, pH 5, sub- 
strate as indicated, and yeast enzyme. The mixtures were incu- 
bated at 38° for 60 minutes and were deproteinized with 0.5 ml. of 
10 per cent HCIO,. 


DISCUSSION 


The purified glycerate 2,3-diphosphatases (1) from baker’s 
yeast and chicken breast muscle show similarities and differences 
when compared with the purified (purification not stated) 
rabbit and rat muscle preparations of Rapoport and Luebering 
(1). An attempt in this laboratory to repeat the Rapoport- 
Luebering purification was unsuccessful. The methods for 
purification described in this paper have been repeated more 
than six times with good reproducibility except as indicated 
above (methanol Fraction II, yeast enzyme). On the other 





mutase (6, 14), respectively. To this mixture 0.25 mg. of 50 per 
cent pure pyruvic kinase (6) were added. Samples were in- 
cubated for 10 minutes at 30°. The amount of pyruvate formed 
was proportional to the amount of monophosphoglycerates in the 
tests as shown by 2-PGA and 3-PGA standards which were carried 
at the same time. When estimation of 2-PGA was conducted, no 
mutase was added and the amount of enolase (mutase-free) and 
pyruvic kinase (6) was reduced to 15 units and 0.1 mg., respec- 
tively, in order to reduce to a minimum the amount of mutase 
contaminant. Calculation of 3-PGA and 2-PGA proportions 
revealed that 2-PGA was present to the extent of one-sixth the 
amount of 3-PGA present. These proportions are to be expected 
if equilibrium had been established via 3-PGA mutase (8). 
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hand, Rapoport and Luebering preparations were stated to be 
free from 3-phosphoglyceric acid mutase, whereas the prepara- 
tions described here were not (see Tables I and II). It should 
be pointed out, however, that we have used a highly sensitive 
and specific method for 3-phosphoglyceric acid mutase measure- 
ments (8, 14). 

With our preparations, 2-PGA acts as an inhibitor, whereas 
Rapoport and Luebering described a stimulation of their prepara- 
tions. Therefore, it seems likely that their preparations were 
free from 3-phosphoglyceric acid mutase, unless the properties of 
the diphosphatase reflect species and tissue differences. As 
shown in this paper, there are differences in optimum pH, heat 
stability, and K,,, for the yeast and chicken breast enzymes. 

The preparations described here (see above) were not or only 
slightly stimulated by mercury and not at all by silver, whereas 
again Rapoport and Luebering preparations were markedly 
stimulated by these ions. It should be pointed out, however, 
that Manyai and Varady (15) have described activation by 
NaHSO; of the diphosphatase in human erythrocytes, whereas 
no activation was observed with Hg++. Again, this might indi- 
cate species and tissue differences. 

Because the diphosphatase activity and the PGAM are so 
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difficult to separate,‘ attempts were made to determine the forma- 
tion of 3-PGA or 2-PGA at a pH below 4, since it has been shown 
that the yeast phosphatase remained active at this pH, whereas 
PGAM should be inactive (8). 

However, upon determination of the end products, 3-PGA 
and 2-PGA were found in the proportions normally expected 
from the establishment of equilibrium of these compounds (8). 
Whether this is due to a dual role of the phosphatase or to the 
action of phosphoglyceric acid mutase remains to be determined. 


SUMMARY 


Methods for the partial purification of the glyceric 2,3- 
diphosphatase from baker’s yeast and chicken breast muscle 
are described. 

A comparative study of some kinetic properties of the partially 
purified enzyme from yeast and muscle is presented. Some 
similarities and differences with the previously described prepara- 
tion of this enzyme from rat and rabbit skeletal muscle are 
discussed. 


4We had a similar problem when studying the crystalline 
PGAM, since even the recrystallized mutase preparations con- 
tained glycerate-2,3-diphosphatase (8). 
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Factors which may regulate the rate of fibril formation in 
systems in vitro are of interest from a physiological view point 
for the clues they may give concerning mechanisms in vivo, and 
from a physical chemical point of view for the light they may 
shed on intermolecular reactions. 

Collagen soluble in cold neutral salt solutions has the inter- 
esting property of precipitating, on warming to body tempera- 
ture, as a rigid gel composed of fibrils with the characteristic 
axial periodicity of native collagen (2,3). It has been postulated 
that fibrils are formed under similar conditions in the extracellular 
tissues by spontaneous polymerization of collagen molecules 
secreted by the fibroblast into the ground substance (2, 4). 

This paper describes some of the environmental factors which 
can influence the rate of fibril formation in neutral solutions of 
collagen. 


EXPERIMENTAL 


Materials and Methods—Collagen extracted from fresh calf 
skin with dilute acetic acid furnished the starting material. 
The skin was soaked in 5 per cent NH,Cl containing 1 per 
cent NaCl and 1:10,000 Merthiolate for several days at room 
temperature, until the epidermis loosened. Epidermis and sub- 
cutaneous tissue were scraped away, the dermis coarsely ground 
with chips of dry ice and the tissue dialyzed free of salt in 
the cold. In other preparations, soaking in NH,Cl was omitted; 
the results were the same but cleaning was more difficult. The 
tissue was suspended in 10 volumes (v/w) of 0.5 m acetic 
acid and allowed to extract in the cold for 24 hours with occa- 
sional stirring by hand. The swollen mass was squeezed 
through bolting cloth and the very viscous, heavily opalescent 
extract was filtered successively through coarse, medium and 
fine sintered glass filters with suction in the cold. The acetic 
acid filtrates were clear and viscous, containing between 0.1 
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and 0.37 per cent collagen. No fibrils were observed on exam- 
ination in the electron microscope. These solutions could be 
stored cold for as long as 6 months without signs of deterio 
ration. They could be lyophilyzed and redissolved when needed. 

Aliquots of several filtrates were lyophylized and analyzed for 
hydroxyproline (5), glycine (6), tyrosine (7), hexosamine (8), 
hexose (9), and uronic acid (10). 

The final solutions used in the experiments to be described 
were prepared by dialyzing the acetic acid filtrates for 24 to 48 
hours at 3° against several changes of phosphate buffer, pH 7.6 
I'/2 = 04. In experiments designed to evaluate the effect of 
ionic strength and pH, the acetic acid filtrates were dialyzed 
directly against the media investigated. 

Sedimentation constants of the cold, neutral phosphate solu- 
tions were measured with the aid of a Spinco model E analytical 
ultracentrifuge running at 56,900 r.p.m. at 3-5°. Concentrations 
ranged from’ 0.02 per cent to 0.2 per cent. Electrophoretic 
analysis was performed on samples dialyzed against the Michaelis 
“universal” buffer (11) (veronal-acetate-NaCl-HCl), pH 8.6, 
I'/2 = 0.14 and pH 4.0, 1/2 = 0.14 at 1°. Intrinsic viscosity 
was determined in the phosphate extracts using an Ostwald 
viscometer, 180 seconds flow time at 4°. 

Studies on rate of gelation or precipitation were performed on 
2 ml. aliquots of collagen solution in small Klett tubes placed in a 
37° water bath. Developing opacity was taken as a measure of 
precipitation and was estimated in a Klett-Summerson photoelec- 
tric colorimeter, using the No. 540 green filter. Numerical values 
obtained were arbitrary and were always compared with a 
control sample run simultaneously. Agents were usually added 
in the cold in small amounts at high concentrations in buffer, 
with stirring. Equal volumes of buffer alone were added to 
controls. 

Samples of gel were studied histologically after fixing in forma- 
lin, embedding in celloidin and staining with Mallory’s aniline 
blue stain. Other samples were fragmented and the suspension 
of fibrils examined in the electron microscope. 

Relative opacity was related to the amount of collagen pre- 
cipitated by weighing the amount of insoluble collagen. This 
was accomplished by centrifuging the gel when it had reached 
the desired opacity, in the Spinco preparative ultracentrifuge at 
the appropriate temperature. The packed precipitate was 
dialyzed to remove salt and the pellet was dried in repeated 
changes of acetone. The acetone was evaporated in vacuo 
over P.O; and the pellet weighed. 
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RESULTS 


Properties of Solutions and of Collagen—The starting material 


had the following characteristics: 
Sedimentation constant (Sx) (ex- 
trapolated to zero  concen- 
Sree 
Intrinsic viscosity [nle........... 
Electrophoretic mobility, pH 8.6, 


Electrophoretic mobility, pH 4.3, 
a Gt. ae aaa 
es 05 tis any Oph owe Seawiens 





Fic. 1. Photograph of beaker of neutral phosphate solution of 
collagen and the rigid gel formed therefrom by warming to 37° for 


30 minutes. 


Fic. 2. A. Histological photomicrograph of gel stained with Mallory’s aniline blue connective tissue stain, showing random orienta- 
gl 


—3.0 X 10-° cm.?/volt/sec. 
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Hydroxyproline................. 12.9 gm./100 gm. 
7 ee gS a ae re ae 0.9 gm./100 gm. 
Ae eee 0.2 gm./100 gm. 
Rar no eine ae 1.0 gm./100 gm. 
SE ae ae a 0.1 gm./100 gm. 


Only one hypersharp, slow-moving boundary was observed 
in both ultracentrifuge and electrophoretic patterns. 

Morphology of the Gel—A picture of an opaque gel and a beaker 
of the neutral collagen solution from which it was prepared is 
shown in Fig. 1. Such gels contained about 0.2 per cent collagen, 
were relatively rigid and did not readily synerese on freeing from 
the tubes; they did however, collapse inelastically under pressure. 
A random orientation of fibers is seen in the light micrographs 
of histological sections (Fig. 2a); electron micrographs of teased 
preparations revealed the characteristic cross-striated collagen 
fibrils resembling those of native connective tissue (Fig. 2b). 
The typical intraperiod pattern of 5 to 6 bands (12) was readily 
observed. The period averaged 650 A. In some preparations 
a variable quantity of nonstriated fibrils was seen. Fibril widths 
were relatively uniform in some gels but less uniform in others. 
The sampling problem was such that a careful analysis of fibril 
width has not yet been attempted. 

Correlation of Opacity with Amount of Precipitable Collagen— 
As described under Methods, the rate of precipitation was 
measured by change of opacity with time. The characteristic 
curve obtained was sigmoid, with a lag period, a phase of rapid 
increase in opacity after which it leveled out at a constant maxi- 
mum value. Solutions were nearly always gelled at Klett 
readings between 100 and 200. Correlation of opacity with 
amount of collagen rendered insoluble was made by incubating 
a series of samples of equal volume and concentration (containing 
0.24 m urea to retard the process for convenience) and sediment- 
ing the gels to a pellet as each tube reached a different level of 
opacity. It can be seen from Fig. 3 that a nearly linear correla- 
tion was obtained under these conditions. 

Effect of Protein Concentration on Heat Gelation—A decrease in 
collagen concentration accomplished by diluting with buffer 


er. 


tion of fiber. B. Electron micrograph of gel fragmented and stained with phosphotungstic acid. Magnification 17,200 x. 
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Fig. 3. Correlation between opacity and amount of collagen 
insolubilized on warming at 37°. O-opacity, @-amount of pre- 
cipitated collagen. 


resulted in a slower development of opacity and a lower final 
level (Fig. 4) but the latent period was not much affected. The 
fraction of dissolved collagen precipitated on warming was 
nearly identical at different concentrations. 

Influence of Ionic Strength at Constant pH—Equal aliquots 
of an acetic acid filtrate (0.26 per cent collagen) were dialyzed 
against phosphate buffers, pH 7.6, of ionic strengths 0.4, 0.24, 
and 0.14. Each sample was run in duplicate. The small 
changes in volume incident to dialysis were corrected with 
buffer. Another group of samples from the same filtrate was 
dialyzed against phosphate-NaCl buffers, pH 7.6, of the same 
concentrations as above but with phosphate contributing ['/2 = 
0.02 and NaCl the remainder. The maximum gel opacity in- 
creased with increasing ionic strength but there was little differ- 
ence in amounts of insoluble collagen (Fig. 5). Exchange of 
most of the phosphate for NaCl resulted in essentially the 
same relationships between the three preparations but greatly 
shortened the latent period and increased the rate of opacification 
without altering the maximum attained opacity. All prepara- 
tions were rigidly gelled. 

Influence of pH at Constant Tonic Strength—Aliquots of an 
acetic acid filtrate (0.26 per cent collagen) were dialyzed against 
['/2 = 0.4 phosphate buffers at pH 6, 6.5, 7, 7.5,8. The latent 
period, rate of opacity increase and maximum opacity were 
essentially the same for all. 

This same study was repeated using the Michaelis universal 
buffer (veronal-acetate-NaCl-HCl) at '/2 = 0.143 and pH 4.45, 
5.1, 7.35, and 8.6. At this ionic strength the final opacities were 
about the same as in the comparable ['/2 = 0.14 phosphate 
buffer. There was no measurable latent period at pH 8.6 and 
4.45 and very short ones (less than 5 minutes) for the other two. 
The rate of increasing opacity was very rapid and about equal 
for all; however, the final opacities at the lower pH values were 
much higher than the other two in the following order: 4.45, 
5.1, 7.35, 8.6. The two mildly acid preparations were not 
gelled but contained heavy fibrous but evenly dispersed precipi- 
tates in contrast to the gels at pH 7.35 and 8.6. 

Effect of Concentrated Urea—Dialysis of a solution of collagen 
in phosphate pH 7.6, I°/2 = 0.4, against 8.5 m urea in the cold 
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Fic. 5. Influence of ionic strength of phosphate buffers at 
constant pH on heat precipitation. A-0.14, @-0.24, O-0.40. pH 
7.6. Amount of sedimentible collagen after 4 hours at 37° is re- 
corded at end of each curve. 


caused a fall in viscosity and rapid diffusion of the normally 
hypersharp sedimentation boundary. After removal of the 
urea by dialysis the solution no longer gelled or became opaque 
on warming to 37° and the viscosity remained low. Dialysis 
against 3.5 m urea in the cold produced no change in relative 
viscosity nor in the hypersharp sedimentation boundary. After 
dialyzing out the urea the solution heat gelled normally. If, 
however, the temperature was allowed to rise to 27° before 
dialysis, the same irreversible change occurred as that described 
above in 8.5 M urea. Multiple peaks were not observed in the 
ultracentrifuge patterns of the urea altered samples. 

Effect of Low Concentration of Urea—Urea was added to a 
series of tubes of cold phosphate solution of collagen (0.26 per 
cent, pH 7.6, °'/2 = 0.4) to produce graded urea concentration 
ranging from 0.04 m to 0.5m. The rate of opacity increase at 
37° was delayed in direct proportion to the urea concentration 
(Fig. 6). There was a proportionate increase in lag period, 
decrease in slope of maximum rate phase and a slight decrease in 
final maximum opacity after 24 hours (not shown in Fig. 6). 
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Fig. 6. Effect of low concentrations of urea on heat gelation of 
0.26 per cent collagen solution in phosphate buffer, pH 7.6, ionic 
strength 0.4. Two separate experiments are reported as open and 
solid circles. The control behaved the same in both. 


In 0.5 M urea no gelation or opacity appeared even after 24 
hours at 37°; however, after removal of urea by dialysis, gelation 
followed the same curve as that of the control. The system was 
thus reversible. 

The amount of sedimentable collagen was measured at roughly 
the same opacity in a series of preparations showing a graded 
delay in gelation induced by graded concentrations of urea. The 
amount of collagen precipitated at a particular opacity was 
remarkably constant irrespective of the delay induced by urea. 

Effect of Protein Concentration at Constant Urea Concentration— 
By dialyzing a phosphate solution of collagen, pH 7.6, 1/2 = 0.14 
or 0.45 against 25 per cent polyvinyl pyrollidone in the same 
buffer it was possible to concentrate to more than 1.5 per cent 
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Fic. 7. Effect of pH at constant ionic strength (phosphate 
I'/2 = 0.4) on urea inhibition 
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Fig. 8. Effect of ionic strength at constant pH 
(7.6) on urea inhibition (0.24 M) 





collagen without any precipitation. These solutions were enor- 
mously viscous but not gelled. A graded series of polyvinyl 
pyrollidone concentrated collagen solutions (concentration 0.44 
per cent to 1.3 per cent) were used in this experiment. Urea 
was added to a final concentration of 0.24 m in each tube and the 
usual opacity-time curves obtained. There was an inverse 
relationship between protein concentration and the delay induced 
by a constant amount of urea; the higher the collagen concentra- 
tion the weaker the inhibition. 

Effect of pH and Ionic Strength on Urea Inhibition—Urea was 
added to a series of phosphate solutions of collagen at constant 
ionic strength (0.4) and graded pH, (6, 6.5, 7, 7.5, 8). Opacity- 
time curves shown in Fig. 7 reveal maximum inhibition in the 
range pH 6.5 to 7.5 with significantly less inhibition at pH 8.0 
and even smaller urea effect at pH 6.0. 

At constant pH (7.6) and variable ionic strength (['/2 = 0.14, 
0.24, 0.4) the inhibitory effect of urea was progressively greater 
at higher salt concentrations (Fig. 8). 

Exchange of NaC] for most of the phosphate greatly diminished 
the effectiveness of urea at ionic strength 0.4 or 0.14, pH 7.6. 
At I'/2 = 0.4, 1 m urea in NaCl had the equivalent effect of 0.2 m 
urea in PO,~. It was noted that at ['/2 = 0.14, PO.-NaCl 
buffer, the higher concentrations of urea while slowing the rate 
of gelation, resulted in somewhat greater final opacity. 

Other Inhibiting Agents—The following substances were more 
effective inhibitors than urea, i.e. lower concentrations were 
required to produce equivalent delay in rate of gelation: arginine, 
aspartic, glutamic and ascorbic acids, glutamine, asparagine, and 
guanidine. Fig. 9 illustrates a family of opacity-time curves 
showing the effect of arginine at a series of low concentrations. 
As little as 0.0005 m arginine produced a measurable delay in the 
development of opacity and gelation. Again, this system was 
shown to be reversible on dialysis. 

Table I reports the list of agents studied and their effectiveness 
as inhibitors or accelerators, relative to urea. 

Agents Accelerating Heat Gelation—Potassium iodide, in low 
concentrations, is an accelerator of heat gelation in the absence 
of urea and completely reverses the inhibitory effect of urea in 0.1 
the concentration of the latter (Fig. 10). 
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Fig. 9. Effect of arginine in low concentrations on heat gelation 
of a 0.26 per cent solution of collagen in phosphate, pH 7.6, T'/2 = 
0.4. 


TABLE I 
Agents influencing rate of heat precipitation of collagen* 








Inhibitors | Accelerators Ineffective agents 
Arginine 5 i FAL | SCN- Lit* Thiourea, 0.2 m 
Aspartic acid ++-+-+ | HCO; Lysine | Glycine, 0.2 m 
Ascorbic acid ++++ | . | Hyaluronic acid, 0.2 

per cent 

Ornithine +++ | Br Chondroitin SO,, 0.2 
per cent 

Citrulline poh | F- a:-Glycoprotein, 0.2 
per cent 

Guanidine +++ | CI 

Urea er 4 

Glutamic acid +++ 

Glutamine +44 | 

Asparagine +44 

Histamine +++ | 

Creatine a 

Acetamide +++ | 

Histidine fot 

Formamide + | 

Hydroxyproline + 

Proline + 








* Effectiveness of inhibitors relative to urea (+++) is indi- 
cated by the number of plus marks. 


A series of inorganic cations demonstrated this anti-inhibitory 
action, some more effective, others less, than KI-. Their order 
of effectiveness resembled a Hofmeister series in reverse (Fig. 11). 
Lithium, well known as an effective solubilizing and dispersing 
agent, is a very potent accelerator of heat gelation and also 
reverses the effect of urea. Unexpectedly, lysine, a dibasic 
amino acid, proved to be a very strong accelerating agent and 
antagonist of urea and arginine. Both lysine and Lit in 0.2 m 
concentrations induced gelation in the cold. 

Agents Not Effecting Heat Gelation—Thiourea and glycine in 
0.2 m concentration did not influence heat gelation. Hydroxy- 
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Fig. 10. Effect of iodide in reversing the action of urea. With 
the exception of two controls there is 0.24 moles of urea in each 
tube. One control contained neither urea nor KI and the other 
contained KI alone. The third control contained urea alone. 
The test solutions consisted of 0.26 per cent collagen in phosphate, 
pH 8.6, r/2 = 0.4. 










































800} 
a" pi CONTROL 
i“ — KSCN 
4 e o—e - KHCO, 
KI 
° KBr 
600} {7 KF 
KCI 
oO 7 
z a 
ray 
< 
4 | 4 ee ar a a 
© 400 SCN™>HCO, >I >8r >F >Ct 
— 
be 
W 
al 
4 
UREA 
200 CONTROL 
re) rn i nm 1 n 1 
1) 60 120 180 240 300 


TIME IN MINUTES 
Fic. 11. Comparative antagonistic effects of a group of anions 
on a urea inhibited solution of collagen. Each preparation con- 
tained 0.25 per cent collagen in phosphate, pH 7.6, '/2 = 0.4 plus 
0.24 mM urea and 0.024 m of the test substances. 


proline, proline, and formamide were very weak inhibitors at 
relatively high concentrations. Hyaluronic acid and chondroitin 
sulfate from umbilical cord and a,-glycoprotein from human 
serum (kindly furnished by R. Jeanloz and K. Schmid) in con- 
centrations of 0.2 per cent had no effect on rate of gelation or 
final opacity at either 0.14 and 0.4 ionic strength. 


DISCUSSION 


Gelation and fibril formation of collagen in neutral and near 
neutral solutions on warming contrasts with the behavior of 
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gelatin, which aggregates on cooling and disassociates on warming 
(13). Heat gelation of collagen occurred in neutral salt solutions 
at ionic strength as high as 1. Below I'/2 = 0.1, the collagen 
employed here precipitated in the cold. Precipitation of high 
polymers at elevated temperature has been described for certain 
synthetic products as well as some proteins (14). Poly 1-proline 
also demonstrates this behavior (14). 

The development of opacity with time at 37° was closely 
paralleled by the amount of precipitated (sedimentable) collagen 
under a given set of conditions. However, this relationship did 
not hold with variation of ionic strength. The final level of 
opacity increased with ionic strength yet the amount of precipi- 
tated collagen was essentially the same. Increase of fibril size 
with optical density has been demonstrated for fibrin gels (15). 

The role of hydrogen bonds in heat gelation of collagen is 
evidenced by the delaying effect of low concentrations of urea 
and guanidine. Arginine, ornithine, citrulline, aspartic, glu- 
tamic, and ascorbic acids may also prevent hydrogen bonds 
forming between collagen molecules; in addition, they may 
function as competitors for charged groups. Grabar (16) has 
explained the inhibitor effect of arginine on the setting of gelatin 
by its competition for carboxyl groups. One might expect 
lysine to behave in the same manner as arginine, ornithine, and 
citrulline. Instead, it is a very potent accelerating agent and 
counteracts the action of urea. The influence of both pH and 
ionic strength on the delaying action of urea indicates the partici- 
pation of electrostatic forces in addition to hydrogen bonding in 
fibril formation in this system. The response to inhibiting 
agents is much more sensitive in the presence of phosphate than 
chloride and increases in sensitivity with higher ionic strength. 
In saline at physiological ionic strength and pH, the effect of these 
agents in retarding fibril formation is diminished. It is worthy 
of note that the maximum effectiveness of urea was observed 
between pH 6.5 and 7.5 with diminution at both higher and 
lower pH. 

Lever and Edsall (15), in a similar study on the formation of 
fibrin clots, reported a rate delaying effect of I-, SCN-, urea and 
guanidine in low concentrations and postulated binding of the 
two cations, resulting in a shift in charge distribution on the 
protein equivalent to a shift in pH of the medium. In the 
collagen system the effect of iodide and thiocyanate opposes that 
of urea and guanidine; the mechanism is obscure. The po- 
tentiating effect of lithium ions on fibril formation was also 
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unexpected since Lit is considered to be a potent dispersing agent 
for most proteins. 

Hydrogen bonds between the hydroxyl groups of hydroxy- 
proline and the keto group of the peptide link are considered by 
Gustavson (17) to play a major role in the intermolecular bonding 
within the collagen fibril. It is interesting to note that free 
hydroxyproline did not interfere significantly with fibril forma- 
tion in collagen solutions; competitive inhibition might have 
been anticipated here. 

It has been postulated that the acid mucopolysaccharides, 
hyaluronic and chondroitin sulfuric acids are intimately involved 
in fibril formation in the tissues, functioning as precipitating and 
aligning agents for the collagen molecules (18). Neither hyalu- 
ronic acid, chondroitin sulfate nor the a; acid glycoprotein of 
serum in concentrations of 0.2 per cent influenced the rate of 
fibril formation or degree of opacity at physiological pH and 
ionic strength in this particular system. 

These results suggest the possibility that low molecular weight 
substances, perhaps certain common metabolites, may influence 
the rate of collagen fibril formation in vivo. 


SUMMARY 


The effects of low concentrations of a group of low molecular 
weight electrolytes and nonelectrolytes on rate of fibril forma- 
tion induced by warming neutral solutions of collagen are 
described. 

Arginine, ornithine, citrulline, aspartic, glutamic and ascorbic 
acids, urea, guanidine, glutamine, asparagine, acetamide, 
histamine, and creatine delayed fibril formation in proportion 
to their concentrations. As little as 0.0005 m arginine meas- 
urably delayed precipitation under prescribed conditions. 
Arginine and urea were most effective at higher ionic strength, 
between pH 6.5 and 7.5, and in phosphate as compared with 
chloride. 

Hydroxyproline and proline were very weak inhibitors of fibril 
formation. Thiourea, glycine, chondroitin sulfate, hyaluronic 
acid and a, glycoprotein of serum did not obviously influence 
the rate or extent of gelation (precipitation) in either hypertonic 
or isotonic neutral solutions. 

Accelerators of fibril formation included SCN-, HCO;-, I-, 
Br-, F-, Cl-, in that order of effectiveness as measured by their 
relative ability to reverse the inhibitory effect of urea. Lysine 
and Li+ were also strong accelerators of gelation. 
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Keilin and Hartree (1) characterized cytochrome b as “a 
thermolabile heme protein; insoluble or bound to the insoluble 
substance of the cell and cannot, therefore, be isolated in un- 
modified or undenatured state.” Von Euler and Hellstrém (2) 
described a soluble heart muscle cytochrome b obtained by using 
sodium cholate and ammonium sulfate. Borei (3) later stated 
that the method was unsatisfactory, producing only denatured 
proteins. 

In 1950 Eichel et al. (4) achieved a partial separation of heart 
muscle cytochrome b by means of sodium deoxycholate. By 
treating a preparation of heart muscle with successive additions 
of 1 per cent sodium deoxycholate, they obtained a clear super- 
natant fluid which exhibited absorption maxima at 560, 525 
to 530, and 428 my when reduced with NaS.O,. Clark et al. 
(5) reported that an “SC factor,” prepared by cholate and am- 
monium sulfate fractionation, exhibited the absorption char- 
acteristics attributed to cytochrome 6. More recently Widmer 
et al. (6) described a purified “SC factor” which absorbed maxi- 
mally at 563, 532 and 432 my, in the reduced state, and was 
free of cytochrome c and cytochrome oxidase activity. In 1954 
Hibscher et al. (7) reported that they had obtained a solution 
of cytochrome b from a Keilin and Hartree (8) heart muscle 
preparation by the use of cholic acid and fractional precipita- 
tion with ammonium sulfate. However, their cytochrome b 
preparations were relatively unstable. 

The present investigation constitutes a refinement of the 
fractionation technique employed by Eichel et al. (4), who had 
shown (9) that the concentration of sodium deoxycholate used 
in the extraction of a heart muscle preparation determined the 
relative amounts of cytochrome components rendered soluble. 
We varied the concentration of sodium deoxycholate until two 
successive concentrations were found which yielded a cyto- 
chrome 6 preparation virtually free of all other cytochromes, 
except a component absorbing at 553 mu. 


METHODS 


The insoluble preparation was made from fresh beef heart! 
according to the method of Batelli and Stern (10) as described by 
Wainio et al. (11), with some modifications. The heart was 
minced by being passed twice through a motor-driven meat 
grinder. After the addition of 0.2 m CH;COONa-CH;COOH 


* Supported in part by a grant-in-aid from the New Jersey 
Heart Association. 

t Originally presented at the 128th meeting of the American 
Chemical Society, Minneapolis, Minnesota, September 1955. 

t Present address, Colgate-Palmolive Company, Division of 
Biological Research, New Brunswick, New Jersey. 

1 Generously supplied by the Roselle Packing Company, Linden, 
New Jersey. 


buffer, pH 4.6, the preparation remained at 4° for 20 to 30 
minutes. This resulted in a greater yield of the insoluble partic- 
ulate preparation than could be obtained by centrifuging im- 
mediately after the addition of the acetate buffer. The protein 
concentration of the final enzyme-containing precipitate was 
adjusted to 25 mg. per ml. by the addition of 0.1 m NasHPO,- 
KH.PO, buffer, pH 7.4. 

Preparation 0.6-08—For the initial extraction 6 mg. of 
sodium deoxycholate were dissolved in each ml. of insoluble 
preparation (0.6 per cent). The suspension was centrifuged at 
25,000 x g for 120 minutes at 4°. The supernatant fluid was 
termed Fraction A supernatant fluid and the residue Fraction 
A residue. Fraction A residue was diluted with 0.1 m Na- 
HPO,-KH2PO, buffer, pH 7.4, homogenized in a Ten Broeck 
glass tissue homogenizer and further diluted to the original 
volume. 8 mg. of sodium deoxycholate were dissolved in each 
ml. of the suspension (0.8 per cent) and the solution was centri- 
fuged at 25,000 x g for 120 minutes. The supernatant fluid 
will be referred to as Fraction B supernatant fluid or “cyto- 
chrome 6 preparation.” Preparation 0.6-0.9 and Preparation 
0.6-1.0 were obtained as described above, except that 0.9 per 
cent or 1.0 per cent of sodium deoxycholate was used for the 
second extraction. 

Cytochrome c was determined according to the method of 
Rosenthal and Drabkin (12). Evscle/mi. at 550 mu was taken as 
0.264 x 108 and the molecular weight as 12,350 (13). Optical 
density readings were made on the Beckman model DU quartz 
spectrophotometer, using microcells. The slit width was fixed 
at 0.06 mm. 

The pyridine hemochromogen of the prosthetic group of the 
cytochrome 6 was obtained as follows: to each ml. of cytochrome 
b solution, 2 ml. of pyridine (Merck, reagent grade) were added. 
The mixture was stirred at room temperature and centrifuged for 
15 minutes at 10,000 x g. The supernatant fluid was decanted 
and 2.5 ml. were placed in a Beckman cuvette. The volume was 
brought to 3 ml. by the addition of 0.5 ml. of a solution of NasS.O, 
in distilled water. The contents were thoroughly mixed to insure 
complete reduction and then covered with mineral oil to prevent 
reoxidation. 

Cytochrome oxidase activity was determined spectrophoto- 
metrically at 25° by the method of Potter and Albaum (14) 
as modified by Wainio et al. (15). The slit width was set at 
0.020 mm. and the wave length at 550 my. The unit activity 
was expressed as the first order velocity constant (sec.-') per 
mg. of nitrogen per ml. in the reaction cuvette. 

Succinic dehydrogenase activity was determined spectrophoto- 
metrically by the method of Cooperstein et al. (16), as modified 
by Wainio et al. (17), except that 1.0 ml. of 0.18 m Na,HPO,- 
KH,PO, buffer, pH 7.3 and 0.7 ml. of distilled water were used, 
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rather than 1.7 ml. of the buffer. The unit activity was ex- 
pressed as the first-order velocity constant (sec.-') per mg. 
of nitrogen per ml. in the reaction cuvette. 

Absorption spectra were obtained on the Beckman model DU 
quartz spectrophotometer. Readings were taken at 5 my 
intervals, except that where absorption peaks appeared 2 to 3 
my intervals were used. 


RESULTS 


Optimum Sodium Deoxycholate Concentrations—To determine 
the optimum concentrations of sodium deoxycholate which 
would, in successive extractions, yield a cytochrome b preparation 
with the least contamination, an extensive study was under- 
taken. A number of concentrations of deoxycholate (0.2 to 
1.2 per cent) were used for both the first and second extractions. 
The optimal concentration for the first extraction was found to be 
0.6 per cent (6 mg. per ml.). At higher concentrations the final 
preparation exhibited high cytochrome oxidase activity. At 
lower concentrations some of the particulate matter did not 
precipitate on centrifugation at 25,000 x g for 120 minutes. 
The best concentration for the second extraction was found to 
be 0.8 per cent. However, every beef heart exhibited some 
variation in its extraction by sodium deoxycholate. Conse- 
quently a probe was made of each insoluble preparation, using 
0.6 per cent for the first extraction and 0.8, 0.9, or 1.0 per cent 
for the second extraction. It was found that fat-infiltrated 
beef hearts required greater amounts of sodium deoxycholate 
to yield cytochrome b preparations comparable to those obtained 
from lean beef hearts. Furthermore, preparations obtained 
from the former were less readily reproduced and were optically 
less clear. The pooling of beef hearts in the preparation of 
insoluble suspensions should be avoided, since the subsequent 
extractions are not reproducible. 

Some of the concentrations used in these studies are presented 
in Table I, Experiment A, together with the protein contents and 
the cytochrome oxidase activities of the preparations. It can be 
seen that the cytochrome oxidase contamination diminishes 
steadily with the decreasing concentration of deoxycholate used 


TaBLe [ 


Cytochrome oxidase activities and protein contents of 
Fraction B supernatant fluids 





Cytochrome oxi- 











Experiment Preparation* Protein dase activityt 
| mg./ml. 
A | 0.6-1.0 5.830 0.699 
0.6-0.9 6.050 0.534 
0.6-0.8 5.240 0.498 
0.6-0.7 4.010 0.337 
0.6-0.6 3.860 0.073 
| 0.6-0.5 3.430 0.060 
| 
B | 0.61.0 | 5.948 0.093 
0.60.9 | 6.429 0.053 
0.60.8 | 5.227 0.027 
0.60.7 | 4.898 0.014 
| 0.6-0.6 4.514 0.011 
| 0.6-0.5 4.206 0.157 





* Per cent of sodium deoxycholate used in the 2 successive ex- 
tractions. 
{ First order velocity constant per second per mg. of N per ml. 
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in the second extraction. Generally, the best cytochrome 6 
preparations were obtained by using 0.6 per cent and then 0.8 
per cent sodium deoxycholate. This preparation, when reduced 
with NaS.0,, absorbed maximally at 562, 528, and 428 mu. 
The absorption maximum of the oxidized preparation was at 
413 my; there was also a plateau from 520 to 570 mu. The 
difference spectrum exhibited greater symmetry of the peaks 
with maxima at 562, 525 and 430 mu. 

The preparations were contaminated with cytochrome oxidase, 
cytochrome c, a component absorbing at 553 my, and succinic 
dehydrogenase. The major problem in separating the cyto- 
chrome components by means of sodium deoxycholate was to 
avoid the increase in cytochrome oxidase contamination of the 
final preparation associated with the decrease in cytochrome c 
contamination. 

Washing with Phosphate Buffer—It was thought that if all 
or most of the cytochrome c could be removed from the insoluble 
preparation before extraction, the concentrations of sodium 
deoxycholate used in the extraction could be lowered. This 
would decrease or eliminate the cytochrome oxidase contamina- 
tion at the same time that the contamination by cytochrome 
c was diminished. Tsou (18) had removed cytochrome c from 
minced heart muscle by washing with 0.15 m phosphate buffer, 
pH 7.3. We used a modification of this technique: 20 ml. of 
0.1 m NasHPO.-KH2PO, buffer, pH 7.4, were added to each 
gm. of the wet insoluble preparation. The suspension was 
homogenized in a Ten Broeck glass tissue homogenizer and 
subsequently stirred at 4° with a motor-driven stirrer. It 
was noted that there was little difference in the amount of cyto- 
chrome c removed whether or not the phosphate buffer was 
changed during the washing. Consequently, the same buffer was 
used during the washing for the entire period. The optimal 
time for washing was determined by analyzing the supernatant 
fluid for cytochrome c. It was found that washing for about 20 
hours resulted in the maximum extraction of cytochrome c. 

The insoluble residue was separated from the cytochrome c-con- 
taining buffer by centrifugation at 25,000 x g for 20 minutes. 
The residues were pooled and adjusted to 25 mg. of protein 
per ml. by the addition of 0.1 m NasHPO.-KH>2PO, buffer, pH 
7.4. In Table I, Experiment B, are presented the cytochrome 
oxidase activities and protein contents of the cytochrome 6 prep- 
arations obtained by extracting a washed insoluble suspension with 
various concentrations of sodium deoxycholate. A comparison 
of Experiments A and B reveals a striking difference in the levels 
of cytochrome oxidase activities. The cytochrome oxidase ac- 
tivity of a Preparation 0.6-1.0 extracted from an unwashed 
insoluble preparation is approximately 8 times that found in 
Preparation 0.6-1.0 from a washed insoluble preparation. The 
difference in cytochrome oxidase activity is even more marked 
in the Preparations 0.6-0.9, 0.6-0.8, and 0.6-0.7, in which the 
supernatant fluids from unwashed preparations exhibited ap- 
proximately 10, 18 and 24 times as much activity, respectively, 
as those from washed suspensions. 

The prolonged exposure of the mitochondrial particle to 
phosphate wash may have weakened or altered the linkages 
binding cytochrome oxidase to the insoluble particle. However, 
little or no dissociation occurs as evidenced by the fact that 
the washed and unwashed insoluble preparation exhibit the 
same degree of cytochrome oxidase activity. The altered re- 


lationship of the oxidase to the particle becomes obvious upon 
extraction with 0.6 per cent sodium deoxycholate. The super- 
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natant suspension of this extraction exhibits cytochrome oxidase 
activity and, when reduced with dithionite, the difference spec- 
trum indicates the presence of this enzyme. It follows, there- 
fore, that this fraction contains either a soluble form of cyto- 
chrome oxidase or cytochrome oxidase dissociated in such a 
manner as to be spectrally detectable. The supernatant sus- 
pension of a 0.6 per cent sodium deoxycholate extraction of an 
unwashed insoluble preparation exhibits no cytochrome oxidase 
spectrally and oxidase activity is usually absent. It is likely 
that the altered susceptibility to sodium deoxycholate in a 
washed preparation can be attributed to a disturbance of the 
relationship of the oxidase to the particle, resulting in a dissocia- 
tion in the presence of low levels of sodium deoxycholate. The 
cytochrome oxidase can no longer be precipitated by centrifuga- 
tion at 25,000 x g for 120 minutes. The removal of a high level 
of cytochrome oxidase in the first supernatant suspension de- 
pletes the residue, thus leaving less oxidase to be extracted by 
the second deoxycholate addition. 

The washing procedure removed large amounts of cytochrome 
c and consequently the amount of cytochrome c which persisted 
in the cytochrome b preparation was extremely small and in some 
preparations was entirely absent. The optimal concentrations 
of sodium deoxycholate to be used in the extraction of cytochrome 
b from a washed insoluble preparation was found to be 0.6 
per cent followed by 0.9 per cent or 1.0 per cent. In Fig. 1 
are presented the absorption curves of a typical Preparation 
0.6-0.9 obtained from a washed insoluble suspension. The 
preparation was amber in color and very clear. The absorption 
maxima of this preparation in the reduced state were at 562, 528, 
and 428 my and in the oxidized state at 413 my with a plateau 
from 520 to 570 mp. The symmetry of the peak suggests 
that very little cytochrome c is present. The most persistent 
contaminant is a component absorbing at 553 my. This is most 
evident from the spectrum of the reduced preparation and some- 
what less evident from the difference spectrum. Cytochrome 
oxidase was not detectable spectrally. The very low level of 
cytochrome oxidase activity disappeared after the preparation 
remained at 4° for about 4 days. The solution became turbid 
and on centrifugation at 25,000 x g the clouding disappeared 
as did the residual cytochrome oxidase activity. The spectral 
characteristics remained unchanged. The succinic dehydro- 
genase activities exhibited by preparations obtained from washed 
insoluble suspensions were extremely low in every case. 

The cytochrome b preparation was fairly stable. It remained 
unchanged for as long as 14 days at 4°. Lyophilization caused 
some denaturation of cytochrome b, as evidenced by a slight 
diminution of the absorption at 562 mu. However, for 4 weeks 
thereafter, there was no further change in the spectral charac- 
teristics of the lyophilized preparation. The succinic dehydro- 
genase activity remained unchanged after lyophilization. 

A pyridine hemochromogen of the cytochrome 6 prosthetic 
group was obtained. In the reduced state, the pyridine hemo- 
chromogen absorbed maximally at 557, 526, and 419 my. 


DISCUSSION 


Our cytochrome b solution compares favorably with others 
in the literature. Hiibscher et al. (7) reported that they had 
made a soluble cytochrome } preparation from beef heart with 
sodium cholate and ammonium sulfate. Their preparation 
absorbed at 564, 530, and 431 my in the reduced state, and was 
intensely red and slightly opalescent. Our best preparations 
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Fig. 1. Absorption spectra of Preparation 0.6-0.9 obtained 
from a washed insoluble suspension. 


are amber colored and very clear. They reported that their 
preparation was free of cytochrome c and cytochrome oxidase. 
The particular shortcoming of their preparation was its in- 
stability. Even at 0° the enzyme denatured in very short 
periods. Our cytochrome 6 persists unchanged for at least 2 
weeks at 4°. When lyophilized, after some slight initial de- 
naturation, it is stable for at least 4 weeks. 

The “SC factor” of Widmer et al. (6), prepared from pig 
hearts by cholic acid extraction and ammonium sulfate frac- 
tionation, absorbed maximally at 563, 532, and 432 my in the 
reduced state. They felt that their preparation was free of 
both cytochrome ¢ and cytochrome oxidase, based on its in- 
ability to substitute for either of these two components in a 
reconstructed succinoxidase system. However, their prepara- 
tion exhibited considerable succinic dehydrogenase activity. 
Furthermore, their preparation appeared to contain much more 
of a “554 my component” than does ours. They considered 
this “554 my component” to be a _ functional hemo- 
protein, whereas Hiibscher et al. viewed it as a denaturation 
product of cytochrome 6. Considering the instability of the 
preparation of Hubscher et al., and the high level of succinic 
dehydrogenase present in the preparation of Widmer et al., 
it is contended that our cytochrome b solution is the most suitable 
preparation for further study of this component. 


SUMMARY 


1. A partially purified cytochrome 6 solution has been pre- 
pared by successive extractions of a beef heart muscle mito- 
chondrial suspension with sodium deoxycholate. Most of the 
cytochrome c in the insoluble preparation is removed by washing 
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for about 20 hours in 0.1 m NasHPO.-KH2PO, buffer, pH 7.4, 


before extraction. 


Very little cytochrome oxidase activity 


persists in the cytochrome 6b preparation and even this disap- 
pears after several days at 4°. 


2. Cytochrome b absorbs maximally at 562, 528 and 428 mu 
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when reduced with dithionite. 
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It has a slight succinic dehydro- 


genase activity which persists, as well as a component absorbing 
at 553 my. The preparation is stable to the extent that it 
exhibits no change when left at 4° for 2 weeks and undergoes 
only minor denaturation on lyophilization. 
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In 1934, Meyerhof and Lohmann (2) reported the presence 
in liver of an enzyme which would cleave hexose diphosphate. 
During the ensuing two decades liver aldolase was measured 
by various methods (3-6), and concentrations ranging from 
1 to ¥,5 of the concentration of the enzyme in rabbit skeletal 
muscle were reported. In 1952 Hers et al. (7, 8) and Leuthardt 
et al. (9, 10) recognized the role of aldolase in the metabolism 
of F-1-P' in the liver. Because of discrepancies between the 
reported substrate specificity of liver aldolase (10-12) and crystal- 
line muscle aldolase (11, 13) it was of interest to obtain the former 
enzyme in a state of higher purity to permit more rigid compari- 
sons. In this paper a method leading to the crystallization of 
bovine liver aldolase is described. The substrate specificity of 
the liver enzyme was found not to differ qualitatively from that 
of the muscle enzyme. 


METHODS AND MATERIALS 


Enzymatic activity was determined as described by Meyerhof 
and Lohmann (14). The reaction was carried out in the presence 
of cyanide; after saponification of the phosphoric acid esters 
of the trioses with alkali, the inorganic phosphate liberated 
was measured. The assay mixture consisted of 1.76 umole of 
HDP (tetrasodium salt), 20 wmoles of NaCN (prepared fresh 
daily), 40 umoles of glycylglycine buffer (0.5 m solution adjusted 
to pH 7.45 with n NaOH), and enzyme and water to give a 
final volume of 0.8 ml. Because the pH of the cyanide solution 
was not adjusted, the final pH on mixing the reagents was be- 
tween 8.3 and 8.4. When it was necessary to dilute the enzyme 
this was done with 0.3 m potassium chloride. The reaction 
mixture was placed in a 30° bath 3 to 5 minutes before addition 
of the enzyme. The reaction was stopped after 5 minutes by the 
rapid addition of 1.0 ml. of N NaOH. A zero time sample to 


*This study was aided by grants from The United States 
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The University Research Committee. Most of the data in this 
paper are taken from the dissertation presented by R. J. Peanasky 
to the faculty of the Graduate Schoo! of the University of Wis- 
consin in partial fulfillment of the requirements for the degree of 
Doctor of Philosophy. A preliminary report of this work was 
presented at the meeting of the American Society of Biological 
Chemists, April, 1957 (1). 

+ Public Health Service Research Fellow of National Heart 
Institute, 1952-1953. Present address, Marquette University 
School of Medicine, Milwaukee, Wisconsin. 

1 The abbreviations used are: HDP, fructose-1,6-diphosphate; 
F-1-P, fructose-1-Phosphate, and DHAP, dihydroxyacetone phos- 
phate. 


correct for inorganic phosphate present in the reaction mixture 
was prepared by adding the NaOH before the enzyme. All 
tubes were then allowed to stand at room temperature (average 
24°); after exactly 20 minutes the tubes were placed in an ice 
bath and 1.4 ml. of ice-cold perchloric acid was added to each. 
If any turbidity appeared it was removed by centrifugation, 
and inorganic P was determined by the method of King (15). 
Exactly 10 minutes after the addition of reducing solution, the 
color that developed was read through a 1.0 em. light path in 
the Beckman model B spectrophotometer with a flow cell made 
from a 1.0 em. Beckman cell. 

Possible error arising from the presence of any fructose-1 ,6-di- 
phosphatase was avoided by one of the following two procedures: 
(a) Along with the regular assay tubes, a series of tubes was 
handled in the manner described above, except that the reaction 
was stopped by addition of ice-cold perchloric acid, followed by 
the 1 n NaOH. The inorganic phosphate found under these 
conditions results from phosphatase activity and should be 
subtracted from that found in the alkali-treated samples. 
(b) Fructose-1 ,6-diphosphatase activity may be prevented by 
holding the enzyme in 0.1 m Versene (disodium salt of ethylene- 
diaminetetraacetic acid), pH adjusted to 7.9, at 0° for 10 min- 
utes. This latter procedure completely inhibited the phospha- 
tase and permitted estimation of aldolase in a single series of 
tubes. 

Under these assay conditions the corrected inorganic P formed 
was proportional to the aldolase concentration until about 75 
per cent of the substrate had been cleaved. 1 unit of enzyme 
activity is defined as that amount of enzyme which in 5 minutes 
produces 1 yg. of alkali-labile P determined by the method 
described above. 

Protein was determined by a biuret method (16) and was 
standardized by dry weight determination on a dialyzed, salt- 
free solution of the crystalline enzyme. Absorbance at 540 
my (as determined in a spectrophotometer through a 1.0 cm. 
light path) x 29.8 was equivalent to the mg. of protein in the 
10 ml. of biuret solution. Specific activity was defined as 
units of enzymatic activity per mg. of protein. 

Fructose-1 ,6-diphosphate was prepared from the commercial 
barium salt (Schwarz Laboratories, Inc.). The barium salt was 
converted to the acid barium salt and reprecipitated twice from 
ethanol and twice from acetone according to Neuberg et al. 
(17). The strychnine salt was prepared and was recrystallized 
three times from ethanol and ethyl acetate according to Sable 
(18). The strychnine salt was decomposed by bringing a solu- 
tion of it to pH 8.3 with NaOH, and strychnine was removed as 
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described by Sable (18). Amberlite IRC-50 (XE64) (Rohm 
and Haas Company, Philadelphia, Pennsylvania) was washed 
and cycled through the sodium form and then through the acid 
form according to the procedure of Hirs et al. (19). For every 
gm. of the strychnine salt, 10 gm., wet weight, of the acid form 
of the resin were equilibrated with 100 ml. of N NaOH and then 
washed eight times with 100 ml. portions of distilled water. 
The strychnine-free solution of HDP was stirred with the sodium 
form of the resin for 20 minutes. The resin was removed and 
washed and the combined supernatant solutions were lyophilized. 
The white, fluffy material was assumed to be the tetrasodium 
salt and was obtained in about 90 per cent of the theoretical 
amount expected from the strychnine salt. It was stable in an 
evacuated desiccator at —10° for several months. It is a 
convenient form of the substrate since it was not noticeably 
hygroscopic and dissolved readily. It contained less than 0.16 
per cent of inorganic P and a total of 12.9 per cent of P, which 
is 88.1 per cent of theoretical, based on the anhydrous tetra- 
sodium salt (moisture content was not determined). All of 
the P present was liberated in boiling 1 n NaOH for 3 minutes, 
and at least 99 per cent of the organic P could be converted to 
alkali-labile phosphate by the prolonged action of crystalline 
aldolase in the presence of cyanide to trap the triose phosphates. 

F-1-P was prepared synthetically (20). Analysis indicated 
0.55 per cent of inorganic P, and 30 minute hydrolysis in 1 N 
HCl gave rise to inorganic P in the amount of 6.0 per cent of 
the material (calculated purity of the ester, 69 per cent). DHAP 
was prepared enzymatically.2. The 3 year-old sample contained 
inorganic P amounting to 2 per cent of the dry weight, and 
only 2.8 per cent was alkali-labile P, indicating a purity of 
not more than 30 per cent when it was used. Formaldehyde 
was prepared by repeated distillation from an acid solution of 
paraformaldehyde. Glycylglycine (Cfp grade) was obtained 
from the California Foundation for Biochemical Research. All 
other reagents were analytical reagent grade. 

Aluminum hydroxide suspensions*® were prepared by dissolv- 
ing 397 gm. of aluminum sulfate -18 H,0 in 7.2 liters of deionized 
water,‘ after which, with vigorous stirring, 1680 ml. of concen- 
trated ammonia was added as fast as it could be poured from a 
2 liter graduated cylinder; this was followed immediately with 
3120 ml. of water. After stirring for 5 minutes the suspension 
was allowed to stand at room temperature for 2 hours. As 
much as possible (2 to 3 liters) of the clear supernatant liquid 
was removed with a siphon. The remainder was distributed 
in ten 1 liter cups and centrifuged at 2000 x g for 10 minutes in 
a 12 liter centrifuge. The precipitates were resuspended in 
distilled water in the cups and washed seven times in this man- 
ner. The supernatant liquid from the seventh washing was 
always turbid; when 100 ml. of this liquid were clarified by 
centrifugation at 25,000 x g for 15 minutes, the clear super- 
natant fluid was titrated to the methyl red end point with 0.1 
to 0.2 ml. of 0.1 nN H.SO,. The last precipitate was then washed 
and transferred to a 6 liter battery jar graduated at 1.5 and 3.0 


2 We wish to thank Dr. W. J. Rutter for the sample of DHAP. 

3 This preparation was adapted from a procedure described by 
Professor M. J. Johnson for a class experiment. 

4 Water used in all these experiments was glass distilled, then 
passed through the mixed bed resin of the Deeminizer (Crystal 
Research Laboratories, Hartford, Connecticut) and read as a 
conductivity of 0.1 p.p.m. expressed as NaCl on the instrument 
meter. 
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liters. The volume of suspension was brought to the 3 liter 
mark and stirred slowly for about 30 minutes until it was com- 
pletely suspended. The suspension was now aged, without 
stirring, for 4 to 5 hours in a boiling water bath. The battery 
jar was removed from the water bath and allowed to cool to 
room temperature slowly. The suspension had now settled 
and occupied only about one-fourth of its former volume. 1.5 
liters of the clear supernatant liquid were siphoned off. For 
use, the remaining 1.5 liters were stirred to form a uniform 
suspension in which the concentration of solid was 65 + 2 mg. 
per ml. 


RESULTS 


Preparation of Crystalline Liver Aldolase 


About 5 pounds of bovine liver were obtained within 30 minutes 
after slaughter, cut up, packed in ice, and brought directly to 
the laboratory. The capsule, along with any connective tissue 
and fat, was removed from the liver. The tissue was passed 
through a Toledo Hi Speed meat chopper (plate holes 3 mm. in 
diameter); 1050 gm. were suspended in 4 volumes of cold, 0.15 
M KCI (all manipulations and measurements were made between 
0° and 3° unless otherwise indicated). The suspension (initially 
pH 6.3 to 6.4) was adjusted to and maintained at pH 7.6 for 30 
minutes by addition of 0.6 n NaOH (63 ml. were required). 
It was passed through a Noda (21) cheese cloth bag filter and 
the residue was squeezed gently to obtain a total of 4300 ml. 
of filtrate. 26 gm. of KCl were added to attain 0.5 m. The 
suspension, in a stainless steel pail, was immersed in a low tem- 
perature bath maintained at -—23°. Methanol (“‘refined’” 
grade was used successfully), at —10°, was added immediately 
at a rate of about 6 liters per hour, so that the temperature of 
the suspension, usually at about 3°, dropped to about —6° 
before the concentration of methanol had reached 32 per cent 
(volume for volume). Concentrations of methanol were calculated 
assuming the volumes to be additive. At first a thin layer froze 
around the side of the pail, but as the concentration of methanol 
increased it melted. After about 11 minutes the temperature 
of the suspension was —11°. It was stirred at that temperature 
for an additional 20 minutes and then 70 gm. of filter aid (Celite 
No. 503) were added for each liter of suspension. Vacuum 
filtration,’ requiring about an hour, yielded a clear, red filtrate 
(5460 ml.). The protein solution was transferred to a stainless 
steel pail and stirred vigorously while the temperature was al- 
lowed to drop to —18° in a refrigerated bath. The concentra- 
tion of methanol was raised to 47 per cent by addition of methanol 
at —20° during a period of not more than 6 minutes; the tem- 
perature of the suspension was not permitted to rise above — 16°. 
Stirring was continued for exactly 5 minutes. 15 gm. of Celite 
No. 503 were added for each liter of “32 per cent filtrate” and 
the suspension was rapidly filtered as described for the previous 
step.’ Filtration time usually did not exceed 20 minutes (vol- 


5 A 31 em. stainless steel Buchner funnel of 29 liter capacity 
(Industrial Service Laboratories, Milwaukee, Wisconsin) was 
used. One sheet of Whatman No. 1 filter paper (32 cm.) was 
fitted into the funnel and a pad was prepared by suspending 50 
gm. of Celite No. 503 in 250 ml. of 60 per cent methanol, pouring 
the slurry onto the pad, removing excess solvent, and cooling to 
—10°. Water must not be used in preparing the filter pad. 25 gm. 
Celite pads prepared in the same way were used to filter the 47 
and 61 per cent fractionations. 
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ume, 6750 ml.), and the temperature of the slightly turbid sus- 
pension was —15°. The filtrate was cooled to —19° in the stain- 
less steel pail and the concentration of methanol was raised to 
61 per cent, the same rate of addition being used as for the im- 
mediately preceding step. Stirring was continued for 5 minutes, 
10 gm. of Celite No. 503 per liter of “47 per cent filtrate” 
were added, and the suspension was filtered in the previously 
prepared and cooled funnel. The filtration time should not 
exceed 15 minutes. The turbid filtrate was discarded. The cake 
was removed and immediately extracted with 2 liters of ice- 
cold 0.3 m KCl for 30 minutes. 

This suspension was then filtered through a single sheet of 
Schleicher and Schuell sharkskin paper on an 18 cm. Buchner 
funnel. The precipitate was extracted with an additional 500 
ml. of 0.38 m KCl and filtered. The combined filtrates amounted 
to 2370 ml. of an orange, often opalescent, solution. 

The solution (about pH 7.5) was brought to pH 9.6 with about 
1 ml. of 5 Nn NH,OH, and the concentration of methanol was 
brought to 10 per cent. The solution was placed in a 4 liter 
glass beaker and immersed in a rapidly circulating bath at 
41.5°. After vigorous stirring for 75 minutes, the suspension 
was cooled to 0° in a —10° bath and clarified by filtration with 
the aid of 25 gm. of Celite No. 503. The clear, yellow filtrate 
amounted to 2460 ml. The preparation was very stable at 0° 
and could be stored for as long as several weeks. 

The protein concentration of the solution, determined by the 
biuret reaction, was between 1.4 and 2.2 mg. per ml. The 
solution gave a reading of pH 9.1 to pH 9.3 on the Beckman ” 
meter at about 10°; 5 m NH,OH was added (about 1 ml.) t 
give a meter reading of pH 9.6. For each 100 mg. of protein, 
11.5 ml. of the aluminum hydroxide suspension were added.® 
The suspension was stirred for 30 minutes and then “larified 
by centrifugation at 2000 x g for 20 minutes. The pH of the 
clear, pale yellow supernatant liquid was readjusted with about 
1 ml. of 5m NH,OH so that the meter read pH 9.6, and to each 
100 ml. of solution 10 ml. of aluminum hydroxide suspension 
were added. After 30 minutes of stirring the gel was collected 
by centrifugation and the protein-free supernatant solution was 
discarded. The gel was transferred and washed into a 400 ml. 
beaker with about 150 ml. of a solution of 0.4 saturated am- 
monium sulfate.’ 

1 N acetic acid was added to the suspension to lower the pH 
to 7.3 and stirring was continued for 30 minutes. The gel ob- 
tained after centrifugation was eluted two additional times by 
resuspension in 65 and 50 ml. portions of 0.4 saturated am- 
monium sulfate at pH 7.3 for 10 minute periods. If the com- 
bined eluates were slightly turbid they were clarified by centrif- 
ugation at 25,000 x g for 20 minutes. The clear supernatant 
liquid (volume, 280 ml.) was adjusted to pH 5.4 with about 1 


® Unless the aluminum hydroxide suspension is prepared ex- 
actly as described under “Methods and Materials” it may be best 
to determine experimentally the amount of suspension to use. 
25 ml. aliquots of heat-treated solution are treated with amounts 
of the suspension varying between 8 and 16 ml. per 100 mg. of 
protein. After the suspension is stirred for 30 minutes it is 
separated by centrifugation. The concentration of protein 
(biuret determination) should diminish from between 1.4 and 2.2 
mg. per ml. to between 0.25 and 0.35 mg. per ml. 
without undue loss of enzyme. 


This can oceur 


7 Saturation at 0° with ammonium sulfate is calculated at this 
step and subsequently in the procedure according to the method 
of Noda and Kuby (21). 
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Fic. 1. Crystals of bovine liver aldolase, recrystallized twice 

from a solution at 0.39 saturation with ammonium sulfate, pH 7.3, 
at 0°. 
ml. of 1 N acetic acid. The concentration of the solution was 
assumed to be 0.4 saturated ammonium sulfate, and was brought 
to 0.72 saturation with the solid salt. The suspension was stirred 
10 to 15 minutes until the salt had dissolved, and was then al- 
lowed to stand for 30 minutes. The precipitate was collected 
at a centrifugal force of 25,000 x g for 20 minutes. The super- 
natant liquid was discarded and the sediment was suspended 
and transferred to a 150 ml. beaker in about a quarter of the 
previous volume (70 ml.) of 0.4 saturated ammonium sulfate 
at pH 7.3. The suspension was stirred for 4 to 8 hours at 0°, 
during which time the amorphous material turned into very 
fine, needle-like crystals. 

Recrystallization—The crystals were collected by centrifuga- 
tion and dissolved in 40 ml. of 0.1 saturated ammonium sulfate 
adjusted to pH 7.3. The protein concentration must be at 
least 4 mg. per ml. and concentrations up to 6 mg. per ml. have 
been used. The concentration of ammonium sulfate was brought 
to 0.39 saturation by adding a saturated (at 0°) solution of am- 
monium sulfate which had been adjusted to pH 7.3 with a few 
drops of concentrated ammonium hydroxide. The suspension 
was clarified by centrifugation and transferred to a glass-stop- 
pered flask. Saturated ammonium sulfate solution was added 
dropwise over the course of a few hours until incipient turbidity 
was produced. Crystallization was usually complete in 36 
to 48 hours (Fig. 1). When one obtains a good crop of crystals, 
a few ml. of the suspension may be stored at 0°. Subsequently 
one may seed the clarified 0.39 saturated ammonium sulfate 
solution of aldolase. The specific activity of the protein has 
never been improved after the first recrystallization. In 
subsequent recrystallizations, the crystals and the supernatant 
fluid had the same specific activity. 
for the experiment described. 


Table I is a balance sheet 


General Properties of the Enzyme 


Enzymatic Purity—None of the following enzymes could be 
detected in crystalline liver aldolase: fructose-1 ,6-diphosphatase, 
triosephosphate dehydrogenase, a-glycerophosphate dehydrogen- 
ase, triosephosphate isomerase, and 5’-adenylic acid deaminase. 








TaBLeE I 


Preparation of bovine liver aldolase from 
1050 gm. of ground bovine liver 



































Spe- | Per 
Fraction pa a od Ra 
ity* ery 
ml. |\mg./ml. mg. 
Crude extract............ 4300) 35.2 |151,360|774,860) 5.1100 
47 % MeOH filtrate....... 6760| 4.1 | 27,716|551,200) 18.1) 67.3 
Combined extracts of 

61% MeOH ppt.......-.. 2370} 5.1 | 12,087/433,500) 35.9) 55.9 
Filtrate after heat treat- 

WRN iiig.n ox ee ow ecnind 2460} 1.5 | 3,690/385,000)107 | 49.7 
First alumina superna- 

tant fraction. .......... 2820) 0.3 846/290, 500/343 | 37.5 
Combined eluates after 

second alumina adsorp- 

WM ca ss Ate jo xine ....| 279] 2.38 664/266 730/401 | 34.4 
First crystals............. 53) 6.7 355/217 ,990/614 | 28.1 
Supernatant fraction...... 75, 2.0 150} 22, 125/148 3 
First recrystallization..... 648 
Supernatant fraction...... | 540 





* In milligrams of protein. 
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Fig. 2. Effect of pH on stability of the enzyme. Protein con- 
centration was 1.05 mg. per ml. in 0.15 m KCl. 5 ml. portions 
were adjusted to pH values between 3.5 and 12 with N acetic acid 
or N NH,OH. The amount of acid or base added was less than 
0.2 ml. and was included in subsequent calculations. Samples 
were then incubated at 30.5° for 90 minutes and cooled to 0°, and 
the pH was recorded. Enzymatic activity was determined after 
dilution of 1 to 20 and under standard conditions at pH 8.3. Ac- 
tivity remaining was expressed as 100 times the ratio of the total 
number of units in an incubated sample to the total number of 
units in a 5 ml. sample that had not been incubated. 


Stability—The enzyme was stable for 90 minutes at 30° be- 
tween pH 5.5 and pH 10.5 when the experiment was carried 
out as described in the legend to Fig. 2. 

Reaction with HDP in Presence of Cyanide—The optimal pH 
for enzymatic activity was determined in the presence of glycyl- 
glycine buffers between pH 7.2 and 9.2 and glycine buffers be- 
tween pH 9.6 and 10.8. In the presence of 0.032 m NaCN to 
trap the trioses formed, the pH optimum was between pH 9.1 
and 9.5 (Fig. 3). 

The Michaelis constant was determined at pH 9.4 after first 
ascertaining that the rate of reaction at this pH was proportional 
to time until 75 per cent of the substrate had been cleaved. Even 
at the lowest concentration of substrate tested the reaction did 
not proceed beyond 70 per cent cleavage. The data obtained 
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Fig. 3. Reaction velocity in the presence of cyanide as a 
function of pH. Glycylglycine (0.064 m) buffers were used be- 
tween pH 7.0 and 9.4, and glycine buffers between pH 9.5 and 11.0. 
The pH of the cyanide solution was adjusted to the approximate 
pH of the buffer just before use; final concentration, 0.032 M. 
@——@: 0.0026 m HDP and 50 ug. of crystalline protein per ml. 
O——O: 0.004 m F-1-P and 200 yg. of recrystallized protein per 
ml. Reactions were allowed to proceed in stoppered tubes for 5 
minutes at 30.5°; 0.7 ml. aliquots were analyzed for alkali-labile P. 
Identical zero time phosphate values were obtained for the lowest 
and highest pH tubes and were used to correct all values. At the 
conclusion of the experiment the pH of the reaction mixture was 
read on the Beckman instrument at 30°. 
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Fic. 4. Reaction velocity as a function of HDP concentration. 
Conditions were the same as described under Methods, except 
that the pH was 9.4. The enzyme concentration was 46.7 ug. of 
recrystallized protein per ml. S was expressed in molarity and 


V in micrograms of alkali-labile P per 0.7 ml. of reaction mixture 
per 5 minutes. 


are presented in the conventional Lineweaver-Burk plot in Fig. 
4. The anomalous plot may be taken as evidence for substrate 
inhibition at high substrate concentrations, a not uncommon 
phenomenon (22). The value of K,, obtained by extrapolation 
of the linear portion of the plot in Fig. 4 is 3.8 x 10-°?>m. When 
the same data were plotted as velocity versus substrate concentra- 
tion, the relatively flat portion of the curve became the maximal 
velocity, and half maximal velocity was at 3.5 x 10-*m HDP. 

The maximal rate of reaction was observed under the following 
conditions: 0.057 mM glycylglycine buffer at pH 9.4, 0.0285 m 
cyanide at pH 9.4, 0.00123 m HDP, and 46.8 ug. of enzyme per 
ml. of reaction mixture at 30.5°. 400 moles of HDP were cleaved 
per 159,000 gm. of protein® per minute. The calculated turn- 
over number at infinite substrate concentration (Fig. 4) is 3250 
moles of HDP cleaved per 159,000 gm. of protein per minute 
at 30.5°. 


8 See following paper (23) for determination of molecular 
weight. 
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Reaction with F-1-P in Presence of Cyanide—In the presence 
of 0.028 m cyanide, 0.057 m glycylglycine buffer at pH 8.4, 
and 143 yg. of the crystalline protein at 30.5°, the reaction ve- 
locity with either 0.004 or 0.008 m F-1-P was proportional to 
time until only about 14 per cent of the substrate was acted 
upon; thereafter the rate decreased very greatly with time. 
In subsequent experiments measurements were confined to this 
linear portion of the velocity curve. The pH optimum for the 
cleavage of F-1-P under the conditions described above for HDP 
was found to be between pH 8.2 and 8.5 (Fig. 3). With 0.008 
m F-1-P, 98 yg. crystalline protein, and other conditions as 
described above, a turnover number of 163 moles of F-1-P per 
159,000 gm. of protein per minute was observed. The Michaelis 
constant for F-1-P and the substrate concentration required for 
maximal velocity have not been determined. 

A comparison of the rate of cleavage of hexose diphosphate 
and F-1-P was made at each of several steps during a 25-fold 
purification by an earlier fractionation scheme. When cor- 
rections were made for the inorganic phosphate liberated by 
fructose-1 ,6-diphosphatase, it was found that the cleavage ratio 
of HDP to F-1-P remained fairly constant at about 3 to 1. 
no evidence was obtained for a specific aldolase for F-1-P. 

Formaldehyde as Substrate for Liver Aldolase—Incubation of 
the crystalline protein with formaldehyde and DHAP led to 
condensation as is shown in Fig. 5. Formaldehyde was also 
utilized when aldolase was allowed to act on formaldehyde and 
HDP as cosubstrates, but the rate was slower. 

When 61.4 ug. of crystalline enzyme acted in 1.0 ml. of the 
reaction mixture described for Fig. 5, 1.45 umoles of formaldehyde 
were utilized in 10 minutes at 38°. A unit of activity as defined 
by Charalampous (12) is that amount of protein which caused 
1 umole of formaldehyde to be utilized in 10 minutes under the 
above conditions. Specific activity is the number of units per 
mg. of protein. Thus the crystalline liver aldolase has a specific 
activity of 24, which is 2.5 times greater than the best preparation 
of Charalampous (12). It should be added here that the once 
recrystallized rabbit muscle aldolase (25) has been found to 
condense DHAP and formaldehyde, although Charalampous 
and Mueller (11) reported that this enzyme did not cause form- 
aldehyde disappearance when incubated with HDP. 


Thus 


DISCUSSION 

The crystalline enzyme described above was found to cleave 
not only HDP but also F-1-P, and to condense DHAP and 
formaldehyde. These results are not in accordance with the 
findings of Charalampous (12), who has reported that in prepara- 
tions from rat liver the ratio of activities toward HDP cleaved 
and DHAP and formaldehyde condensed could be varied by 
careful ammonium sulfate fractionation or by isoelectric precipi- 
tation. He assayed for aldolase by the alkali-labile P method 
after intercepting the trioses with cyanide. It seems possible 
that contamination of the rat liver preparations with fructose- 
1 ,6-diphosphatase may have led to his conclusion. 

The recent report of Gemunder et al. (26), that the ratio of 
activities between HDP cleaved and F-1-P cleaved by a rabbit 
liver preparation could be varied by a factor of 16 after passage 
through a diethylaminoethyl-cellulose column, is also contrary 
to our findings. Fractional separation of aldolase from fructose- 
1 ,6-diphosphatase, or from some other enzyme system compet- 
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Fic. 5. Condensation of formaldehyde with dihydroxyacetone 
phosphate. The reaction mixture contained 43 yg. of recrys- 
tallized protein per ml.; 0.06 m borate buffer, pH 7.3; 0.075 m 
MgCl, (pH adjusted to 7.3); 0.006 m formaldehyde; 0.0036 m 
DHAP (solution at pH 7.3). The reaction, which was initiated 
by the addition of DHAP solution, was allowed to proceed at 
38°. 1.0 ml. aliquots were removed at the times indicated and 
blown into 1 ml. of N perchloric acid; the formaldehyde content 
was estimated by the chromatropic acid method, according to 
MacFayden (24), after 10-fold dilution. The concentration of 
formaldehyde in micrograms per ml. of the assay mixture was 
calculated from the absorbance at 570 mu through a 1 em. light 
path divided by the extinction value 0.568 as given by MacFayden 
(24). Zero time blank correction values were obtained at the 
beginning and end of the experiment by adding DHAP solution 
after the n perchloric acid in one set of blanks and by adding the 
enzyme after the perchloric acid in another set. All four blank 
values agreed within experimental error. 


ing for the available HDP substrate, might account for this 
observation. 

No evidence was obtained for a metal requirement by the 
liver aldolase. The reaction rate of the purified enzyme was 
not enhanced by magnesium ion nor depressed by the presence 
of Versene. 


SUMMARY 


1. The enzyme, aldolase, has been isolated and crystallized 
from bovine liver in 25 per cent yield. The purification in- 
volved methanol fractionation at low temperature, exposure to a 
temperature of 40° for 75 minutes in the presence of 10 per cent 
methanol and 0.3 m KCl, adsorption and elution from aluminum 
hydroxide, and precipitation followed by crystallization from 
ammonium sulfate (0.39 saturation) at pH 7.3. 

2. The optimal pH for cleavage of fructose-1 ,6-diphosphate 
in the presence of cyanide was found to be between pH 9.1 
and 9.4; and for fructose-l-phosphate, between pH 8.1 and 8.4. 
Some preliminary observations on the K, for fructose-1,6- 
diphosphate as substrate are presented. 

3. The enzyme cleaved fructose-1 ,6-diphosphate at a rate 
of 400 moles per minute per 159,000 gm. of protein under de- 
scribed conditions, and fructose-1-phosphate at 42 per cent of 
this rate. It condensed dihydroxyacetone phosphate and 
formaldehyde at a rate at least as fast as it cleaved fructose 
diphosphate. The estimated “maximal” turnover number 
with fructose diphosphate was 3250 moles per 159,000 gm. of 
protein per minute. 


Acknowledgment—The bovine liver used in these experiments 
was generously supplied by the Oscar Mayer Company. 
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II. PHYSICAL AND CHEMICAL MEASUREMENTS ON THE CRYSTALLINE ENZYME* 


R. J. Peanaskyt anp Henry A. Larpy 


From the Department of Biochemistry and the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin 


(Received for publication, February 12, 1958) 


Crystalline beef liver aldolase prepared as described in the 
previous report (2) was used in the following studies. 


EXPERIMENTAL AND RESULTS 


Electrophoretic Behavior—The behavior of the protein during 
electrophoresis was investigated in the Perkin-Elmer model 38 
apparatus, with a 2 ml. open end cell. The protein migrated as 
a single boundary in the following 0.1 I'/2 buffers: acetate at 
pH 5.4, cacodylate at pH 6.0, and phosphate buffers at six pH 
values between pH 6.0 and 7.8. Some typical patterns obtained 
are shown in Fig. 1. 

The isoelectric point of the protein was determined in the 
Spinco model H apparatus, with 11 ml. capacity Alberty type 
cells (3). Protein that had been recrystallized twice was dissolved 
in 0.1 I'/2 phosphate buffers of the appropriate pH and was flow 
dialyzed against 5 liters of the same buffer for a period of 4 
hours. The last liter of buffer and the solution of protein were 
then equilibrated for an additional 8 hours. After dialysis the 
pH of the buffer at 25° was determined with a Beckman pH 
meter. Conductivity measurements were carried out at 0° in 
an ice water mixture. In all of the experiments only a single 
boundary was observed. Movement of the boundary was deter- 
mined by measurement to the center of the peak; for this meas- 
urement a Gaertner toolmakers’ microscope with a two-way 
movement and a projection attachment was used. Calculations 
of mobility were done in the usual way (4, 5). Fig. 2 shows a 
plot of pH versus electrophoretic mobility. The isoelectric 
point in 0.1 ['/2 phosphate buffers was shown to lie between 
pH 6.6 and 6.7. 

Sedimentation Behavior—Sedimentation studies were carried 
out in a Spinco model E ultracentrifuge equipped with a tem- 
perature control. Determinations were carried out at 25° in 
0.15 M potassium chloride-0.01 mM potassium phosphate at pH 
6.7. A protein sample was flow-dialyzed against 6 liters of the 
buffer for 24 hours and against the last 500 ml. of buffer for 12 


* This study was aided by grants from the United States Public 
Health Service, the National Science Foundation, and the Uni- 
versity Research Committee. Most of the data in this paper are 
taken from a dissertation presented by R. J. Peanasky to the fae- 
ulty of the Graduate School of the University of Wisconsin in 
partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. A preliminary report of this work was presented at 
the meeting of the American Society of Biological Chemists, 
April, 1957 (1). 

t Publie Health Service Research Fellow of the National Heart 
Institute, 1952-1953. Present address, Marquette University 
School of Medicine, Milwaukee, Wisconsin. 
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more hours. Samples of lower protein concentration were pre- 
pared by diluting the dialyzed sample with appropriate amounts 
of the dialysis buffer solution. Some of the patterns obtained 
are shown in Fig. 3. A small, faster moving component ap- 
peared early in the studies and resolved itself into the boundary. 
The movement of the boundary was determined to the center 
of the peak. Sedimentation coefficients were determined accord- 
ing to Baldwin (6).!. The sedimentation coefficients as a func- 
tion of concentration in buffer and water are listed in Table | 
Density and viscosity values for the buffer were taken from the 
data of Svedberg and Pedersen (7) and Jones and Talley (8). 

Diffusion Behavior-—The protein solution was flow-dialyzed 
at 0° in a liter bottle against 18 liters of 0.15 m potassium chloride 
and 0.01 m potassium phosphate buffer, pH 6.7, for a period of 
24 hours. The last liter of buffer was equilibrated with the 
protein solution at 25° for an additional 9 hours. The measure- 
ment was carried out at 25° in a Gouy Diffusiometer as described 
by Akeley and Gosting (9). Gouy fringe photographs of the 
diffusing boundary were taken at times ranging from 10,290 to 
336,660 seconds. Effects of imperfections in the starting boun- 
dary were eliminated by plotting the apparent value, D4’ (meas- 
ured by the “area-maximum height method’), versus the recipro- 
cal of the observed time, t’, of diffusion. D+»; was found to be 
5.18 < 10-7 em.?/sec. and D.;,, = 5.20 K 10-7 em2/sec. Re- 
duced deviations, 2, of the Gouy fringes from their ideal posi- 
tions (for a Gaussian refractive index gradient curve) indicated 
a value of Quax. of 10 * 10-*, which is no greater than that 
found for bovine plasma albumin. An/Ac was found to be 
1.83 xX 10°* (gm./100 ml.)-". Because no time-dependence of 
the reduced fringe deviations was observed, and because the 
plot of D4’ versus 1/t’ was linear, this protein was evidently 
stable (with respect to its diffusion coefficient) throughout the 
course of the experiment. 

Apparent Partial Specific Volume—This was determined at 
25° in the same buffer used for diffusion and sedimentation 
(0.15 mM potassium chloride-0.01 mM potassium phosphate, pH 6.7) 
by density measurement in a 3.6 ml. pycnometer constructed* 
in a manner prescribed by Anderson (10). Weighings were car- 


1 We wish to thank Professor R. L. Baldwin of the Department 
of Biochemistry and the Department of Dairy Industry, Uni- 
versity of Wisconsin, for generous assistance and for making his 
manuscript available to us before its publication. 

2 We wish to thank Professor Louis Gosting of the Department 
of Chemistry and the Enzyme Institute, University of Wisconsin, 
for these measurements and calculations. 

’ We wish to thank Dr. L. Noda for constructing the pyenometer 
and making it available to us. 
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Fic. 1. Electrophoretic patterns of crystalline bovine liver 
aldolase obtained in the Perkin-Elmer electrophoresis apparatus 
model 38; phosphate buffers at pH 7.89 and pH 6.70 after 240 min- 
utes, cacodylate buffer at pH 6.0; after 240 minutes, and acetate 
buffer at pH 5.4; after 120 minutes. 
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Fic. 2. Electrophoretic mobility as a function of pH for erys- 
talline bovine liver aldolase. All buffers are phosphate, P'/2 = 
0.1. Mobilities were calculated from the descending boundaries, 
E (field strength) in volt em.-! and yw (mobility) in sq. em. sec.~! 
volt“! X 105. 


ried out on a semimicro balance to the nearest 0.05 mg. and 
were reproducible to 0.1 mg. Protein was determined by biuret 
procedure. The apparent partial specific volume was calcu- 
lated according to Kraemer (11); it was found to be 0.74; 
ml./gm. 

Determination of Molecular Weight—Sedimentation and diffu- 
sion coefficients were determined under the same conditions of 
temperature, pH, and buffer composition. D was determined 
at only a single protein concentration (¢ = 0.41 gm./100 ml.) 
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Fic. 3. Sedimentation velocity photographs obtained with 
bovine liver aldolase at 59,780 r.p.m. in 0.15 M potassium chloride- 
0.01 m phosphate buffer, pH 6.7. A, B, and C are separate runs 
at concentrations of 1.12, 0.56, and 0.28 gm./100 ml., respectively. 
Sedimentation proceeds from right to left. Pictures shown were 
taken at 0, 16, 32, and 56 minute intervals. 


TABLE I 


Sedimentation coefficients of bovine liver aldolase 


co 525, w 
0.28 8.71 
0.56 8.62 
1.12 8.25 


* 


Co = initial concentration of the protein in gm./100 ml. 
825, = measured sedimentation coefficients for the initial pro- 
tein concentration of the experiment, in Svedberg units (10-' 
sec.). These values can be fitted by a linear equation: 825.0 = 
8.87 + 0.06(1 — 0.067 co) X 10-' see. 
Experiment was carried out in 0.15 M potassium chloride-0.01 m 
potassium phosphate, buffered at pH 6.7; thus 


(ql — pd) 25.w 
825,~ = 825,buffer X [nbutter/Mol eC 


(1 — pi)2s, butter 


Nbuttfer/Nw = 1.003 
6 = 0.74; ml./gm. 
P(bu fier) 1.005 gm./em.? 
Prwater) = 0.997 gm./em.* 
Extrapolated value (89)25,.0 = 8.87 + 0.06 X 10-' sec. 


and was found to be 5.18 * 10-7 cm.2/sec. The sedimentation 
coefficients determined in the buffer (see Table I) were plotted 
as a function of concentration and the value 8.42 x 10°" sec. 
was selected at that portion of the curve where the protein con- 
centration was 0.41 gm./100 ml. Partial specifie volume was 
taken as 0.74; ml./gm., and p as 1.005 gm./em. (assuming that 
the density values of the buffer components are additive) (7, 8) 
The molecular weight, calculated according to the relationship 
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of Svedberg (assuming that 6 In y/6 In c was negligible) was 
found to be 159,000. 

A molar frictional ratio of 1.14 has been calculated from the 
above data. 

Ultraviolet Absorption—Measurements were made in a Cary 
Recording Spectrophotometer model 11 equipped with 3.2 ml. 
circular quartz cells with a light path of 1.0 em. The protein 
solution (3.07 mg./ml.) in 0.3 m potassium chloride solution 
was diluted in the spectrophotometer cell with approximately 2 
volumes of 0.1 m buffers: acetate, pH 5.2; phosphate, pH 7.4; or 
glycine, pH 9.2. Samples were read against the appropriate 
buffer diluted by the addition of 0.3 m potassium chloride. 
The pH of the protein solutions was measured after the deter- 
mination. Maximal absorbance was observed at 279 my in all 
buffers. In phosphate buffer at pH 7.4 a 280:260 ratio of 2.0, 
was observed. E i (280 mu) = 846, and Emo1.(280 my) = 
13.5 X 104. 

Sulfhydryl Groups of Aldolase—The sulfhydryl groups of the 
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crystalline protein were estimated by amperometric titration 
with silver nitrate in solutions buffered at pH 7.4 with tris(hy- 
droxymethyl)aminomethane. Triplicate titrations in 8 mM urea 
indicated the presence of 30 sulfhydryl groups per 159,000 gm. 
of protein. Bovine liver aldolase resembles the aldolase from 
rabbit muscle, not only in the number of sulfhydryl groups per 
unit of weight (12, 13) but also in that the silver complex of the 
protein precipitated in the titration mixture. 


SUMMARY 


The following physical and chemical properties of crystallized 
bovine liver aldolase were determined: the isoelectric point in 
0.1 I'/2 phosphate buffers was between pH 6.6 and pH 6.7; 
(So)25,0 = 8.87 + 0.06 K 10-8 sec.; Dos. = 5.20 K 107 em2 
sec.-!; apparent partial specific volume was 0.74; ml./gm.; mo- 
lecular weight (sedimentation and diffusion) was 159,000; molar 
frictional ratio was 1.14; EY (280 mu, phosphate buffer, pH 
7.4) = 8.4, and there were 30 -SH groups per mole. 
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Purification and Properties of Pigeon Liver Malic Enzyme* 


W. J. Rurrert anp Henry A. Larpy 


From the Institute for Enzyme Research, University of Wisconsin, Madison, Wisconsin 


(Received for publication, March 24, 1958) 


The “malic enzyme” catalyzes the reversible oxidative 
decarboxylation of malate to pyruvate and COQ, as indicated 
in Reaction 1: 


malate + PN! = pyruvate + CO: + PNH + H* (1) 


Although the possibility of an enzyme-catalyzed oxidative 
decarboxylation of malate was suggested by the data of Lwoff 
et al. (1, 2), the existence of this enzyme was demonstrated by 
Ochoa and collaborators (3-10) who separated the enzyme from 
other activities, identified the substrates and products, and 
established the stoichiometry of the catalyzed reaction. A 
TPN-linked malic enzyme was found in liver (avian liver was an 
especially good source), and an adaptive DPN malic enzyme 
was discovered in Lactobacillus arabinosus. The enzyme has 
since been shown to be present in a wide variety of plant and 
animal tissues (11-16). The malic enzyme obtained from pigeon 
liver, L. arabinosus, and from wheat germ have been purified 
and studied in some detail. Perhaps the most remarkable 
property of the purified preparations is their ability to facilitate 
the decarboxylation of oxalacetate, Equation 2, in addition to 
the reaction indicated in Equation 1. 


oxalacetate — pyruvate + CO, (2) 


The fact that the ratio of oxalacetate decarboxylase to malic 
oxidative decarboxylase activity remained constant during the 
purification procedure of both the pigeon liver and L. arabinosus 
enzymes, and that the oxalacetate decarboxylase of the pigeon 
liver enzyme was stimulated by TPN suggested that both 
catalytic activities resided in the same protein. In analogy, it 
was suggested (17) that certain isocitric dehydrogenase systems 
might also facilitate a concerted oxidative decarboxylation. 
The general importance of the malic enzyme in CO, fixation 
processes (16, 17), its possible role in the synthesis of glycogen 
from pyruvate by liver tissue (18, 19), as well as the intrinsic 
interest of a possible “bifunctional” catalyst, have prompted a 
further investigation of the malic enzyme. In this paper are 
presented the details of further purification of malic enzyme from 
pigeon liver, and a study of certain properties of the enzyme. 


* This work was supported by grants from The Life Insurance 
Medical Research Fund and The U. 8. Public Health Service. 

+ U.S. Public Health Service Postdoctorate Fellow, 1952-1953. 

! The abbreviations used are: DPN, diphosphopyridine nucleo- 
tide; TPN (oxidized) and TPNH (reduced), triphosphopyridine 
nucleotide; PN (oxidized) and PNH (reduced), pyridine nucleo- 
tides (either TPN or DPN); 5/AMP, adenosine-5’-monophos- 
phate; 3‘AMP, adenosine-3’-monophosphate; 2’AMP, adenosine- 
2’-monophosphate; ADP, adenosine-5’-pyrophosphate; 2’,5’ADP, 
adenosine-2’ ,5’-diphosphate; 3'’,5’ADP, adenosine-3’,5’-diphos- 
phate; NMN, nicotinamide mononucleotide; EDTA, ethylenedi- 
aminetetraacetic acid; Tris, tris(hydroxymethyl)aminomethane. 


MATERIALS AND METHODS 


Chemicals—The TPN used in these experiments was kindly 
supplied by Armour and Company, and by the Pabst Brewing 
Company, and was approximately 60 per cent pure as judged 
by the glucose-6-phosphate dehydrogenase assay. DPN, 90 to 
95 per cent pure, was also kindly supplied by Pabst Brewing 
Company. 

Dr. Nathan O. Kaplan generously provided 2’ ,5’-ADP, 
3’ ,5’-ADP, and 3’-TPN, as well as Neurospora DPNase and 
snake venom pyrophosphatase. 

NMN and potato pyrophosphatase were kindly supplied by 
Dr. Thomas P. Singer. 

The 3’-AMP and 2’-AMP were obtained through the kindness 
of Dr. Waldo E. Cohn, and the 5’-AMP and ADP were procured 
from commercial sources. 

The TPN-dihydroxyacetone and the TPN-bisulfite addition 
compounds were prepared according to the procedures outlined 
by Burton and Kaplan (20) and Colowick et al. (21) respectively. 

L-Malic acid, obtained from commercial sources, was recrys- 
tallized from acetone and benzene. Oxalacetate was obtained 
by uydrolysis of sodium diethyl oxalacetate by the procedure of 
Heidelberger and Hurlbert (22). It should be emphasized that 
the compound obtained by this procedure is hydroxymaleic 
acid. This compound was used in the experiments as a source 
of oxalacetate. Crystalline sodium pyruvate was prepared from 
commercial pyruvic acid by the procedure of Robertson (23). 
Diphenyliodonium chloride was a gift from Professor Reuben 
Sandin of the University of Alberta. 


Enzyme Assays 


The assays for malic oxidative decarboxylase and oxalacetic 
decarboxylase activity are essentially those of Ochoa et al. (4, 5). 

1. Malic Oxidative Decarborylase Activity—The reduction of 
TPN by the enzyme in the presence of malate was measured 
spectrophotometrically at 340 my at 15 second intervals. The 
standard assay mixture contained malate, 2 wmoles; TPN, 0.1 
pmole; MgCl, 25 ywmoles; cysteine, 19 ymoles; and glycyl- 
glycine, 50 uwmoles; the final pH was 7.5, volume 3 ml., and 
temperature 22-23°. Potassium rather than sodium salts 
of the compounds were used, although in contrast to the bac- 
terial enzyme (2), no marked stimulatory effect of potassium 
salts over sodium salts was noted. One unit of enzyme activity 
was defined after Ochoa and co-workers (5) as that amount of 
enzyme which facilitated a change of 0.01 optical density unit/ 
minute at 340 my under these conditions. 

In some assays, 5 uymoles MnCl. were substituted for MgCl, 
but in these cases cysteine could not be present in the reaction 
mixture, since a Mn-cysteine complex forms that has an intense 
absorption at 340 my. This complex is apparently similar in 
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type to the complexes of various other metal ions with cysteine 


studied by Michaelis and Schubert (24). In the later stages of 
purification, the presence of cysteine or glutathione was neces- 
sary for measurement of optimal catalytic activity; dilutions of 
solutions for measurement of activity were therefore carried 
out in a solution containing 10 wmoles of cysteine, 25 umoles of 
MgCl, and 50 umoles of glycylglycine per ml., pH 7.5. 

To obtain maximal activity after fractionation with zinc- 
containing solutions (see Step 4b), it was necessary to dialyze 
against 0.02 m sulfite-bisulfite buffer containing 0.02 m EDTA, 
pH 7.5, and include in the dilution mixture 10 wmoles of EDTA 
and 200 uwmoles of MgCl. per ml. 

In the kinetic studies on the purified enzyme reported here, 
a recording spectrophotometer was used, thereby allowing more 
accurate estimation of initial velocities at widely differing rates, 
while still maintaining linearity of response. 

2. Oxalacetic Decarborylase Activity—Production of CO2 was 
measured in Warburg respirometers at 25° essentially as de- 
scribed by Veiga Salles and Ochoa (6). The standard reaction 
mixture contained acetate buffer, 100 wmoles, pH 4.5; MnCh, 
10 umoles; TPN, 3 umoles; oxalacetate, 20 umoles; with a final 
volume of 1.0 ml. in a nitrogen atmosphere. The reaction was 
started by tipping in enzyme from the side bulb of Warburg 
vessels after temperature equilibration. The spontaneous de- 
carboxylation of oxalacetate in the absence of enzyme was 
determined simultaneously so that a value for oxalacetic de- 
carboxylase activity could be obtained by the difference. Under 
these conditions, the CO: production (corrected) was linear with 
time and proportional to the enzyme concentration (in relatively 
impure preparations). A unit of oxalacetic decarboxylase 
activity was defined, after Veiga Salles and Ochoa (6), as the 
amount of enzyme catalyzing the liberation of 1.0 yl. of CO: in 
10 minutes. 


Protein Content 


Protein concentration was routinely estimated by its absorp- 
tion at 280 my using the conversion factor from Warburg and 
Christian (25). However, for the homogenate, and at other 
appropriate points during purification, protein was estimated 
by the nitrogen content (protein = N X 6.25) of a dialyzed 
aliquot. 


Purification Studies 


Table I presents data concerning the cellular distribution of 
the malic enzyme and its extraction from pigeon liver tissue. 
The enzyme activity was found in the supernatant fraction ob- 
tained by centrifugation of an isotonic sucrose homogenate 
according to Schneider (26). Extraction of an acetone powder 
prepared from an homogenate generally yielded much less 
than 50 per cent of the total activity measurable in the original 
homogenate. The specific activity of the acetone powder ex- 
tract was about the same as the fresh homogenate and consider- 
ably lower than that of the supernatant fraction. Assay of 
malice oxidative decarboxylase activity in fresh homogenates of 
various other tissues have confirmed the findings of Ochoa 
concerning the relatively high concentration of this enzyme in 
pigeon liver. On the basis of these and related experiments, a 
procedure was developed for the isolation of the catalyst re- 
sponsible for malic oxidative decarboxylase activity from fresh 
pigeon liver homogenate. The details of a typical preparation 
are given below, and a summary of the purification procedure is 
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Taste I 
Cellular distribution of pigeon liver malic enzyme* 





Total 





Fraction eae = jee nd 
unis 

A.P.E.f whole homogenate................| 4.3 
A.P.E. nuclei....... PI STE. zi 0.45 
A.P.E. mitochondria... ... 0.55 
Oy ery eee ee | 0.42 
A.P.E. combined particulate fractions. .. .| 170 0.48 
Whole homogenate................ ---| 2060 | 3.5 
Supernatant fraction.................. | 1980 | 9.6 
Be A ee a eee, 0.23 
ee ree aoa 0.34 
a PE Pere =. aerate ree : ; 0.19 
Combined particulate fractions. ....... 322, | (0.25 





* All of the indicated observations were obtained from a pooled 
sample of pigeon liver and refer to the activity of fresh preparations 
versus extracts of acetone powders of the various fractions. 

t A.P.E. = 0.1 m phosphate extract of acetone powder, pH 7.5. 


TaB.e II 
Purification of pigeon liver malic enzyme 





| 
Total | Total |Specific | APP#™- 


| 
Step pee . - ent 
activity protein as yield 








| 


| wits! | 


| unis me. |} mg. | % 
| protein | 
1. Homogenate. 152, 000)19 , 000 8 | 100 
2. Heat treatment... . ; 150,000) 3,950 38 | 99 
3. 26 to 45 per cent ethanol, Ver- 
sene extract........... 166,000; 248 70 | 109 
4. 21 to 33 per cent ethanol, Zn**- 
glycine insoluble, histidine} 


soluble fraction... .. 
. 15 to 30 per cent ethanol.... 
. 52 to 64 per cent ammonium 


118,000 33 | 3600 «78 
78,000 11 7100) 535i 


ao or 





64,000 


6.6 9700 42 


presented in Table II. The necessity of caution in the addition 
of ethanol (especially in the later stages of purification) and in 
the maintenance of the suggested temperature is emphasized. 
The temperature indicated for a given centrifugation step refers 
to the temperature of the solution inside the centrifuge cup 
(measured after centrifugation). Ethanol concentrations were 
calculated according to Kuby et al. (27). 

1. Preparation of Homogenate—Twelve pigeons were killed by 
decapitation, and the livers removed immediately and placed 
in cracked ice. As soon as possible, the livers were weighed 
(87 gm.) and homogenized in approximately 5 volumes isotonic 
sucrose with the aid of a lucite Potter-Elvehjem type homog- 
enizer. The volume was adjusted to 780 ml. with isotonic 
sucrose, and then centrifuged at 40,000 x g for 30 minutes. 
The precipitate was discarded. 

2. Heat Treatment in Presence of 0.1 M Magnesium lons— 
Kaufmann et al. (10) found that the presence of Mn** and of 
malic acid increased the heat stability of the malic enzyme iso- 
lated from L. arabinosus. As shown in Fig. 1, Mg** increases 
the heat stability of the pigeon liver enzyme. Mn** is also 
effective during the heat treatment, but subsequent fractiona- 
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Fig. 1. Effect of magnesium and malate on heat stability of 
malic enzyme. 3 ml. aliquots of enzyme were adjusted to the 
desired pH with ice-cold 0.2 m acetate, pH, 4 or 0.2 m glycine, pH 9; 
Mg** and malate were added to a final concentration of 0.02 m 
where indicated. The volume was adjusted to 5 ml. The tubes 
were then placed in a 60° bath for 2 minutes while the tempera- 
ture rose to 58°; they were then removed and immediately cooled 
to 0°. After freezing, thawing, and centrifuging, each sample 
was assayed for malic oxidative decarboxylase activity. Com- 
parison was made with a similar sample of enzyme kept at pH 7 
and 0° during the course of the experiment. 


tion is less satisfactory. In contrast to the experience with the 
bacterial enzyme, malic acid decreases the heat stability at pH 
values above 5.0. 

The supernatant fraction, 740 ml., of the homogenate obtained 
in Step 1 was made 0.1 m with respect to magnesium ions by 
adding solid magnesium acetate. After the pH was adjusted 
to 5.5 by the careful addition of ice-cold 1 m acetic acid, the 
solution was placed in a stainless steel beaker and the tempera- 
ture brought quickly to 22° with efficient stirring. The beaker 
was removed from the water bath, held at the same temperature 
for 30 to 60 seconds until the precipitate flocculated, and then 
placed in a —5° bath so that the temperature of the solution 
quickly lowered to 5°. The solution was centrifuged for 30 
minutes at 1500 x g at 0°, and the precipitate, containing little 
activity, was discarded. 

3. Ethanol Fractionation at pH 5.5 in Presence of 0.1 mM Mag- 
nesium Acetate—The supernatant fraction from Step 2 (740 ml.) 
was placed in a two-necked, round bottomed flask in a —5° 
bath, and brought to 26.5 per cent ethanol concentration by the 
addition of 260 ml. of 95 per cent ethanol (precooled to at least 
—30° by passage through a cooling coil). The solution was 
stirred vigorously but without bubbling, and the ethanol was 
added, under the surface of the solution, just fast enough so 
that freezing of the solution did not occur. After addition of 
the ethanol, the solution was allowed to equilibrate for 2 hours 
at —5° with slow stirring. The solution was then centrifuged 
for 30 minutes at 1500 x g at —5°. The precipitate contained 
negligible activity and was discarded. 

The supernatant fraction was then brought to 43 per cent 
ethanol by the addition of 300 ml. 95 per cent ethanol as de- 
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scribed above. The temperature was lowered to —15° and the 
solution allowed to stand overnight. Centrifugation at 1500 x 
g for 30 minutes at —15° yielded a precipitate containing the 
bulk of the malic oxidative decarboxylase activity. The pre- 
cipitate was extracted for 30 to 45 minutes at 0°, first with 
100 ml., and then with 50 ml. of 0.02 m EDTA, pH 6.7. The 
remaining dark brown precipitate contained little activity and 
was discarded; the two pale tan extracts were combined for 
further fractionation. 

4a. Ethanol Fractionation in Presence of Versene-Phosphate, 
pH 8.0—To the 150 ml. of EDTA extract were added ice- 
cold 0.1 m NasHPO,, and 0.02 m EDTA until the pH reached 
8.0. The volume was then adjusted to 175 ml. with 0.02 m 
EDTA, pH 8.0, and 47 ml. 95 per cent ethanol was added through 
the cooling coil to bring the ethanol concentration to 21 per 
cent. After standing for 1 hour at —5°, the solution was cen- 
trifuged at 1500 x g for 30 minutes at —5°. Usually, the spe- 
cific activity of the precipitate suspended in 0.1 m histidine, 
pH 7.0, was less than 50 and the fraction could be discarded, but 
occasionally it was high enough to warrant recyclizing through 
Step 3. To the supernatant fraction at —5° were added 50 ml. 
of 95 per cent ethanol to bring the concentration to 33 per cent. 
The temperature was lowered to —15°, and the solution allowed 
to stand overnight. Centrifugation of the turbid solution at 
—15° for 15 minutes at 5000 x g yielded a precipitate which 
contained most of the activity. The supernatant solution was 
therefore discarded. 

4b. Extraction with Zinc-Glycine Solutions—The 21 to 33 per 
cent ethanol precipitate obtained on centrifugation in Step 4a 
was suspended in 50 ml. of a solution containing 0.1 m zinc ace- 
tate and 0.1 m glycine, pH 7.0, and allowed to stand 1 hour. 
After centrifugation, the supernatant was discarded, and the 
precipitate was dissolved in 25 ml. of 0.1 m histidine buffer, 
pH 6.8. 

§. Ethanol Fractionation of Histidine Solution—Presumably 
owing to variation in the zinc concentration of the histidine 
extracts obtained in 4b, the malic oxidative decarboxylase activ- 
ity was not precipitated at the same ethanol concentration in 
each preparation. Therefore, this final ethanol fractionation 
must be followed carefully and the appropriate fractions selected 
for the final ammonium sulfate fractionation. In the particular 
instance reported here, 4.5 ml. of ethanol were added to the 25 
ml. of supernatant solution from 4b to bring the concentration 
to 15 per cent. After standing for 1 hour, the solution was 
centrifuged at 1500 x g for 30 minutes at —5°. The precipitate, 
suspended in 3 ml. of 53 per cent saturated ammonium sulfate— 
0.04 m EDTA, showed little activity and was discarded. 

To the supernatant solution were added 11 ml. of ethanol to 
bring the concentration to 35 per cent. The temperature was 
lowered to —15° and the solution allowed to equilibrate for at 
least 2 hours. The precipitate was removed by centrifugation 
at that temperature and suspended in 5 ml. of 52 per cent satu- 
rated ammonium sulfate. Assay of this suspension indicated 
recovery of the majority of malic oxidative decarboxylase ac- 
tivity at a high specific activity. In some instances, the 30 to 


42 per cent ethanol precipitate has had the highest specific 
activity. 

6. Ammonium Sulfate Fractionation—After standing for 2 
hours, the 52 per cent ammonium sulfate extracts were centri- 
fuged and the precipitate discarded. Solid ammonium sulfate, 
365 mg., was then added to the 5 ml. solution to bring the solu- 
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tion to 64 per cent saturation. Centrifugation of the solution 
gave a pure white precipitate which when dissolved in 1 ml. of 
0.1 m histidine, pH 6.7, yielded a fraction of specific activity 
9700. Addition of 350 mg. of solid ammonium sulfate to the 
supernatant fraction, thereby increasing the concentration to 
75 per cent saturation, yielded only a little protein at specific 
activity 4000. 


Properties of Purified Malic Oxidative Decarboxylase Preparations 


Various preparations which have been isolated according to 
this procedure and when assayed under standard conditions, 
have varied in specific malic oxidative decarboxylase activity 
from 7800 to 14,700. Veiga Salles and Ochoa (6) purified the 
enzyme to a specific activity of 350, with some preparations 
reaching 700. At higher malate concentrations, at pH 8.5, 
and using Co++ (see following discussion) specific activities of 
20,000 have been obtained, corresponding to turnover numbers 
of approximately 10,000 per 100,000 gm. of protein. It should 
be pointed out that the activities measured are probably mini- 
mal, first because of apparent instability of the enzyme at the 
dilutions required for the assay of preparations of high specific 
activity, and secondly because of the presence of lactic dehydro- 
genase in the purified preparation (malic oxidative decarboxylase 
(TPN) /lactic dehydrogenase (TPN)) ~10. The purified prep- 
arations were assayed for myokinase, hexokinase, fructokinase, 
aldolase, fumarase, and triose phosphate, isocitric and malic 
dehydrogenases, and oxalacetic carboxylase (18). In all cases 
the activity was less than 1 per cent of the malic oxidative de- 
carboxylase activity. 

It was found that the preparations did exhibit oxalacetate 
decarboxylase activity. The estimation of activity was, how- 
ever, difficult in the most highly purified preparations, owing to 
the instability of the highly diluted preparations under the assay 
conditions. This could be readily ascertained by the marked 
loss of activity during the course of the manometric test. The 
use of a nitrogen atmosphere and the addition of 2 mg. of pro- 
tein (e.g. albumin) were helpful as evidenced by the activity 
measurements, but no really satisfactory means was found for 
stabilization. For the above reasons, it is believed that the 
observed oxidative decarboxylase activity was minimal, and 
that the catalytic activity ratio, oxalacetic decarboxylase to malic 
oxidative decarboxylase, was deceptively low. Even so, this 
ratio was usually higher than 0.5 and often approached 1.0 in 
individual assays. Since the activity ratio in the original super- 
natant was 1.2, it seems probable that there has been little 
change in relative activities during the course of considerable 
purification. Attempts to increase the specific malic oxidative 
decarboxylase activity or change the activity ratio by further 
fractionation with ethanol, or ammonium sulfate, by adsorption 
and elution from various adsorbents, and by zone electrophoresis 
were uniformly unsuccessful. Usually, the activity declined, 
and in all cases, the activity ratio was not altered markedly. 
These observations reinforce the conclusions of Ochoa et al., 
that both malic oxidative decarboxylase and oxalacetic de- 
carboxylase activities probably are associated with the same 
protein. The studies of the properties of the enzyme, there- 
fore, include experiments on the oxalacetic decarboxylase system. 

Reaction with Malate—The pH optimum of the enzyme varied 
markedly with the concentration of the substrate. As shown 
in Fig. 2, the pH optimum in the presence of 10-* m malate was 
7.2, whereas in 10-' m malate the optimum was 8.5 to 9.0. These 
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Fic. 2. Influence of malate concentration on the pH optimum of 
malic enzyme. Each assay cuvette contained 1 ymole of MnSO,, 
0.2 umole of TPN, 3 ug. of enzyme (original specific activity 
11,500), 100 umoles of buffer present at pH indicated (broken 
line, glycylglycine; solid line, Tris; serrated line, histidine); so- 
dium malate present at concentrations indicated; final volume 1 
ml., temperature 23°. 


observations could reflect simply a preference for a particular 
ionic species of malate, or an influence of malate on the enzyme 
itself. It has not been ascertained whether this effect is spe- 
cifically caused by the substrate or is a function of the ionic 
strength of the medium. 

These observations did, however, prompt an investigation of 
the influence of pH on the apparent Michaelis constant, K,, of 
malate. The data presented in Fig. 3 correspond to a K, of 
3.3 X 107° m at pH 8.5, of 3.9 x 10-* m at pH 7.5, and of 4.1 x 
10-5 m at pH 6.5. The approximately 10-fold decrease of K, 
for each pH unit implicates a single dissociable group on the 
enzyme or on the substrate. The carboxyl groups of malic 
acid have pK’s of 3.40 and 5.05. Since lactic acid is a stronger 
acid than propionic, it is assumed that the ionic forms pre- 
dominating above pH 6.0 are primarily -OOC—CH,CHOHCOO- 
and HOOC—CH:CHOHCOO-. If, in fact, the singly-ionized 
species were the substrate for the enzymatic reactions, the actual 
K,- (malate) would be about 10-* m. In order for such a linear 
relationship between K, and malate to obtain, the doubly- 
ionized malate would have to be essentially unreactive in the 
system since the ratio, malate to malate, changes from 30at pH 
6.5 to 3000 at pH 8.5, whereas the “actual K, (malate—)”’ is essen- 
tially constant. Moreover, if CO, instead of HCO;- is produced, 
in analogy with other decarboxylase systems (28), then it would 
require that the 6-carboxyl of malate would preferably be ion- 
ized for catalysis of 8-decarboxylation (29-31). At pH 8.5, 
the species -OOC CH:;CHOHCOOH would be practically non- 
existent. For these and related reasons it would appear more 
probable that malate~ can react with the enzyme and that the 
enzyme contains a group which dissociates in the region 6.5 to 
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Fic. 3. Effect of malate on velocity of malic oxidative decar- 
boxylase reaction as a function of pH. Each cuvette contained 
100 umoles of buffer (histidine, pH 1.5, Tris, pH 7.5, 8.5), 0.5 umole 
of TPN, 1 umole of MnSO,, 5 ug. of enzyme (original specific activ- 
ity 11,500); rate expressed as optical density change at 340 my 
per minute, malate concentration expressed as umoles/ml. 


TaB_eE III 
Specificity of TPN requirement for malic 
oxidative decarborylase activity 

Each cuvette contained 20 umoles of malic acid, 100 umoles of 
MgS0O,, 5 umoles of cysteine, 1 zmole of EDTA, 100 zmoles of Tris 
buffer, and 3 yg. of malic enzyme. Original specific activity 
= 12,500. TPN and/or related compounds in concentration 
indicated. Final volume 1 ml., pH 7.5, temperature 23°. 











Experiment Condition Rate Activity | Inhibition 
A40.D./ or 
min. 70 40 
1 0.2 umole TPN only 0.300 100 
+1 umole DPN 0.283 94 6 
+3 umoles DPN 0.240 80 20 
+2 umoles ADP 0.262 87 13 
+3 umoles ADP 0.240 80 20 
+3 uwmoles 2’AMP 0.171 57 43 
+3 umoles 5’/AMP 0.285 95 5 
+30 wmoles A-5-P 0.029 10 90 
+5 uymoles NMN 0.295 98 2 
2 0.1 umole 3’TPN | 0 
3 1 ymole DPN 0 














8.5, and which is important in the reaction of malate with the 
enzyme. 


Reaction with TPN 


1. Malic Oxidative Decarborylase Activity—The purified malic 
enzyme preparations specifically require TPN as a substrate 
in the malic reaction, the apparent K, being 1.6 x 10-5 m at 
pH 7.5. No activity was observed with DPN or with 3’TPN. 
As illustrated in Table III, it was found that DPN, as well as 
other compounds structurally related to TPN, weakly inhibited 
the reaction. A 30-fold molar excess of DPN inhibited the 
reaction only 20 per cent. Addition of 10-fold larger concentra- 
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tions of TPN restored complete activity so the relationship is 
apparently competitive. Since ADP and DPN inhibit equally 
whereas NMN does not inhibit the reaction, it would appear 
that the nicotinamide portion of the molecule is somewhat less 
concerned in the binding of TPN to the enzyme. The fact 
that adenosine-2-P is a much stronger inhibitor than ADP or 
DPN emphasizes the role of the 2’-phosphate in the reaction of 
TPN with the enzyme. 

2. Oxalacetic Decarboxylase <Activity—The oxalacetic decar- 
boxylase activity of the present purified malic enzyme prep- 
arations was stimulated up to 6-fold by addition of TPN. This 
is in agreement with the data first reported by Ochoa et al. (5, 6). 
Since the stimulation by TPN is one of the better arguments 
for the capacity of the malic enzyme to facilitate both malic 
oxidative decarboxylase and oxalacetic decarboxylase activity, 
the role of TPN was studied in considerable detail. Two ques- 
tions were specifically asked: (a) is TPN obligatorily required 
for oxalacetic decarboxylation by these preparations? and (6) 
could other structurally related compounds substitute for TPN? 

All of the malic enzyme preparations showed oxalacetic de- 
carboxylase activity in the absence of TPN. The likelihood of 
enzyme-bound TPN accounting for the residual activity is 
small because (a) the absorption in the ultraviolet at 280 mu 
and 260 my remained constant (O.D. 280 my/O.D. 260 my = 
1.8) after prolonged dialysis or after treatment with charcoal, 
and (b) the charcoal-treated enzyme still exhibited oxalacetic de- 
carboxylase activity in the absence of added TPN. This phe- 
nomenon is reflected in the Lineweaver-Burk plots of oxalacetic 
decarboxylase activity versus TPN concentration shown in 
Fig. 4. At low TPN concentrations, the curves are concave 
downward. At very high TPN concentrations (low 1/TPN) the 
curves are concave upward, indicating an inhibition (which 
probably is a result of binding of metal ions by the excess TPN). 
The K, for TPN in the oxalacetic decarboxylase assay pH 4.5 
is difficult to estimate, but is approximately 2 x 10-5 m. This 
agrees well with the K, of 1.6 x 10-5 m for TPN in the malic 
enzyme assay (pH 7.5). 

From the data presented in Table IV, it is evident that stimu- 
lation of oxalacetic decarboxylase activity by TPN is remarkably 
specific. DPN and 3’TPN, for example, were completely in- 
effective, as were all of the nucleotides tried. TPNH was also 
markedly less effective than TPN, even at higher concentrations. 
Because of instability of TPNH at the pH of the test, however, 
it is not possible to interpret the data unequivocally. Altera- 
tion of TPN, for example, by the formation of the dihydroxy- 
acetone adduct (20) resulted in loss of activity. The activity 
observed in the presence of sodium bisulfite can probably be 
related to the TPN present, since this reaction does not go to 
completion (21). Treatment of TPN with snake venom nucleo- 
tide pyrophosphatase and potato nucleotide pyrophosphatase 
resulted in loss of activity in the oxalacetic decarboxylase test 
at approximately the same rate as the loss of TPN indicated by 
the malic oxidative decarboxylase test. Treatment of the TPN 
with Neurospora DPNase, which forms phosphoadenosine di- 
phosphate ribose, also resulted in at least 90 per cent loss of 
ability to stimulate oxalacetic decarboxylase activity by these 
preparations. 


Metal Requirement 


Veiga Salles and Ochoa (6) have reported the requirement of 
Mn** or Mgt* for malic oxidative decarboxylase or oxalacetic 





Aug 


decs 
witl 
the 

wit 


the 

on | 
for | 
that 
Veis 
valu 
dise 
that 
of 1 
Mg 
seve 
eral 
Mn 
ence 
the 

test 
pro! 
Cat 
and 

wer 
was 


merarTiraht tres mee 


and 
prey 
dati 
umo 
cent 
acti 
tivi' 
The 
cart 
Mné 
cate 
volt 
riod 
corr 
exp! 





its 
lie 
ty, 
eS- 
ed 
(b) 


nt of 
cetic 





August 1958 


decarboxylase activity. These observations have been confirmed 
with the present more highly purified preparations. Some of 
the present preparations showed some malic enzyme activity 
without addition of metal ions. By careful dialysis against 
EDTA solutions and finally against distilled water, however, 
the activity of the preparations was made completely dependent 
on the addition of metal ions. The concentration of Mn*+ 
for half of the maximal malic activity was 4 x 10-* m, whereas 
that for oxalacetic decarboxylase was found to be 2 x 10~ m. 
Veiga Salles and Ochoa (6) found, in similar experiments, a 
value of 4 X 10-5 m for both activities. The reasons for this 
discrepancy are not immediately obvious, but it is assumed 
that they are related to differences in the degree of purification 
of the preparations involved. It was found that Mn++ or 
Mg** are not specifically required. As illustrated in Table V, 
several other metal ions promote enzymatic activity. In gen- 
eral, the concentrations required are about 1000 times that of 
Mn**. The activity of the purified preparations in the pres- 
ence of Co*+ varied somewhat; this is presumably because of 
the necessity of omitting SH compounds (cysteine) from the 
test solutions (24). It is interesting that 10-* m Cu*~ actually 
promoted malic oxidative decarboxylase activity. Fe++, Fe+++, 
Ca++, Ba*+, and Pb++ were not active at low concentrations, 
and at higher concentration precipitation occurred, so the tests 
were inconclusive. The activation of oxalacetic decarboxylase 
was considerably more complicated. Cot++ was less effective 
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Fic. 4. Relationship of TPN to malic oxidative decarboxylase 
and oxalacetic decarboxylase activity in purified “malic enzyme” 
preparations. The cuvettes for optical measurement of malic oxi- 
dative decarboxylase activity contained 20 umoles of malate, 1 
umole of MnSO,, 50 umoles of glycylglycine, pH 8.2, TPN con- 
centrations as indicated, 5.0 ug. of enzyme added (original specific 
activity 8300), total volume, 1 ml., temperature 23°. Catalytic ac- 
tivity is expressed as optical density change at 340 my per minute. 
The Warburg cups for manometric measurement of oxalacetic de- 
carboxylase activity contained 20 umoles of oxalacetate,1 umole of 
MnSO,, 100 umoles of acetate pH 4.5, TPN concentrations as indi- 
cated, 40 ug. of malic enzyme (same preparation as above), total 
volume 1 ml., Nz atmosphere, temperature 25°. Equilibration pe- 
riod: 5 minutes; period of measurement: 5 minutes, appropriate 
correction is made for nonenzymatic decarboxylation, activity 
expressed as (ul.CO2 production/10 minutes) /200. 
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Tasie IV 
Effect of TPN and related compounds on oralacetate decarbozylase 
activity of malic enzyme preparations 

Manometric assay as described in the legend of Fig. 4. TPN 
and other related compounds present at a concentration of 3 X 
10-7 m. Purified malic enzyme, 14 yg. (specific activity malic 
oxidative decarboxylase, 9200), present in Experiments 1 and 2, 
and 20 wg. present in Experiment 3. In Experiment 3, the dihy- 
droxyacetone-TPN addition complex was kept in basic solution 
in the side arm, and tipped in at zero time. 




















Experiment Conditions Activity otinnulation 
ul. COx/10 
min. 
1 Control 32 
+ TPN 111 79 
+ 3’AMP 37 5 
+ 5’AMP 30 —2 
+ 2'AMP 32 0 
+ DPN 30 —2 
+ NMN 34 2 
+ 3’,5’ADP 26 —6 
+ ATP | 29 —3 
2 Control em ers 
+ TPN 93 68 
+ 3’TPN 25 0 
+ 3',5'ADP 18 —7 
+ 2’,5’ADP 23 —2 
+ 2’,5’‘ADP + NMN | 19 -6 
3 | Enzyme only 46 
| TPN only ; ee 4 
| DPN-DHA only ae a 
TPN + NaHSO; | 1 | 
Enzyme + TPN @ fae |. 
Enzyme + TPN-DHA 56 -9 
Enzyme + TPN + NaHSO; 88 33 





than Mn*+ in the concentrations tested. Zine and nickel were 
also weakly active and Cu*+* was weakly active at 10-* m. 


Action of Inhibitors on Malic Oxidative Decarborylase Activity 


The influence of various sulfhydryl inhibitors on the course 
of the malic enzyme reaction was studied (Table VI). Arsenite, 
iodoacetate, and diphenyliodonium chloride are comparatively 
weak inhibitors, whereas o-iodosobenzoate, and p-mercuribenzo- 
ate are strong inhibitors. Hg** at 5 x 10-* m almost completely 
inhibited the catalysis whereas Cut++, even at 3 x 10-* M, was 
only weakly inhibitory. This unexpected finding suggests the 
importance of chelation in the inhibition phenomenon. Cu*+ 
with a coordination number of 4 could be displaced by Mn*+ 
in the enzyme system which presumably has 6 positions tailored 
for Mn** occupancy. Hg** with a coordination of 6, would 
be much less readily displaced by Mn*+. The fact that Hg*++ 
is not active in the catalytic system implies either that this 
atom undergoes complex formation with different groups than 
does Mn** at the active site, or that the stability of the complex 
is radically different (probably greater with mercury). 

The strong inhibitions at low concentrations of p-mercuri- 
benzoate, o-iodosobenzoate, or Hg** is circumstantial evidence 
for the presence of an SH group at or near the catalytically 
active site. The question whether an SH group is actually 
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TABLE V 
Effect of various metals on malic ozidative decarbozylase activity 
Each cuvette contained 20 umoles of malic acid, 100 zmoles of 
Tris buffer, and 0.5 umole of TPN. The metal ions were added as 
the sulfates at the concentrations indicated. Malic enzyme, 10 
ug., original specific activity 9700, final volume 1 ml., pH 7.5, 
and temperature 23°. 








Metal ion added Final concentration Rate 
Molar A0.D./min. 

No additions......... 0 
DPT, das oc ote caress 1077 0.005 
cai gee 2 me RRR 2X 10° 0.012 
wee oe cutee noes 3 X 10-° 0.087 
yl Ae ee rer 4X 10° 0.183 
BT cccevwostesiayes 10-5 0.343 
PM eas dca tes ee oes 10-8 0.345 
ee ae re 5 X 10-5 0 
ATE Sap ree ee 10-3 0.032 
og Ree 5 X 10°% 0.088 
_ RR ee 2X 10°? 0.037 
ae 2X 10-5 0.018 
DN cess x athe oalenbore 1X 10° 0.094 
MR os cnen nc aeesessiac 5 X 10-4 0.080 
Re ae Peer 10-3 0.075 
BS ii ent Saamesrecen 5 X 10-3 0.004 
Ce iiidtdeupiaoesbs 5 X 10-4 0.020 
ne eee 10-3 0.068 
BINT sfheoie ot wath gaetw eed 3 X 10-3 0.080 
ot Re eee 5 X 10-4 0.049 
Meccan csdesecney 10-3 0.109 
Base ivcikn nzeae ded's 5 X 10-3 0.951 
| Ga ee ae 2X 10°? 0.401 











involved in the binding of Mn*+ at the catalytically active site 
is raised by the finding that high concentrations of Mn++ do in 
part reverse the inhibition by arsenite and Hg*+. Fig. 5 presents 
the data of an experiment concerned with the inhibition of the 
reaction by p-mercuriphenylsulfonate. Mn*+, malate, and TPN 
decreased the inhibition of the system. The effects of Mn++ and 
malate, and of malate and TPN were additive, but not those 
of Mn++ and TPN. 


DISCUSSION 


The reports of Saz and Hubbard (15), and Faulkner (14) 
concerning the isolation of preparations having malic oxidative 
decarboxylase but no oxalacetic decarboxylase activity from 
Ascaris and insect blood, raise the question whether multiple 
activities are in fact associated with other “malic” enzyme prep- 
arations. The evidence from the present work, as well as that 
from Ochoa and collaborators mentioned previously (8-10), 
certainly provides strong circumstantial evidence that both 
activities reside on 1 molecule. 

The degree of purity of the malic enzyme preparations re- 
ported here is not known, since insufficient material was avail- 
able for appropriate physical characterization. One electro- 
phoretic analysis was made, however, on material at specific 
malic oxidative decarboxylase activity 7500. Under the con- 
ditions employed (0.1 veronal, pH 8.5), only a major (70 per 


Pigeon Liver Malic Enzyme 


Vol. 233, No. 2 


TaBiLe VI 
Effect of inhibitors on malic oxidative decarbozylase activity 
Each cuvette contained 20 umoles of malate, 1 umole of MnCl., 
0.2 umole of TPN, 100 umoles of glycylglycine, inhibitors as in- 
dicated, 8 ug. of malic enzyme (original specific activity 12,700). 
Final volume 10 ml., pH 7.5, and temperature 23°. 








ae Inhibitor added Rate | Inhibition 
A 0.D./ rale% 
min. 
1 Control 0.480 
10-3 m arsenite 0.503 
5 X 10° M arsenite 0.172 64 
10? m arsenite 0.145 70 
10°? m arsenite + 0.15 m Mn** 0.300 37 
2 Control 0.480 
3 X 10-5 m 0-iodosobenzoate 0.087 82 
10-5 m o-iodosobenzoate 0.172 64 
6 X 10-5 m 0-iodosobenzoate 0.043 91 
2 X 10-* m o-iodosobenzoate 0.342 29 
3 Control 0.390 
2 X 1077 m PCMB 0.187 52 
10-* m PCMB 0 100 
4 Control 0.355 
10-3 m iodoacetate 0.26 25 
10-* m iodoacetate after 5 min. pre- | 0.190 47 
incubation 
5 Control 0.355 
2X 10-‘mdiphenyliodonium chloride | 0.355 
5 X 10-‘m diphenyliodonium chloride | 0.355 
10-* m diphenyliodonium chloride 0.29 18 
6 Control 0.369 
5 X 10-5 m Hg** 0 100 
5 X 10-5 m Hg** + 0.15 m Mn** 0.029 92 
5 X 10-° m Hg** 0.021 94 
5 X 10-§ m Hg** + 0.15 m Mn** 0.057 85 
7 Control 0.220 
1 X 10-* mw Cu** 0.208 5 
10-3 m Cut* 0.200 9 
3 X 10°? m Cu** 0.200 5 














cent) and one minor component (30 per cent) were detectable, 
and the activity was apparently associated with the major 
component. Whereas no specific claim of purity can be made 
on the basis of such incomplete data, the relatively extensive 
purification studies, high specific activity, and freedom from 
other measured activities, suggest that, if there are two separate 
catalytic entities facilitating malic oxidative decarboxylase and 
oxalacetic decarboxylase activity, they must have remarkably 
similar properties and/or must interact to a high degree. There 
is then the question whether the concept of a multifunctional 
catalyst is not deserving of consideration at least from an opera- 
tional viewpoint. 

Moyle and Dixon (32, 33), and Siebert et al. (34, 35) have 
presented evidence that the “isocitric enzyme” from pig heart 
is yet more versatile, having isocitric dehydrogenase, isocitric 
oxidative decarboxylase, and oxalosuccinate decarboxylase ac- 
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tivity. The presently reported malic enzyme preparations 
have similar specific activity to that reported by Siebert et al. 
(34) for their “‘isocitric enzyme” preparations. 

The oxidative decarboxylation of malate can be visualized as 
two consecutive processes with stabile, enzyme-bound inter- 
mediates, or as a single, almost simultaneous process with no 
detectable intermediate. It was therefore of interest to at- 
tempt to dissociate experimentally the oxidative and the de- 
carboxylative processes, i.e. to obtain either oxidation or decar- 
boxylation in the absence of the over-all reaction. Two types of 
experiments were carried out. The first was based on a postulate 
of a sequence of reactions like 1a and 1b in the over-all process: 


malate + TPN + enzyme = 





oxalacetate-enzyme -+ TPNH + H* (la) 
Mn**+ 
oxalacetate-enzyme + 
pyruvate + COz+ enzyme (1b) 


With substrate quantities of enzyme in the complete absence 
of Mn++, no TPNH formation was detected. Unfortunately 
it is not possible to conclude that a reaction like 1a is not in- 
volved in the process since the free energy change of the reaction 
is not known. If the oxidation-reduction potential of oxalace- 
tate-enzyme were not sufficiently different from free oxalacetate, 
very little net formation of TPNH would occur (the equilibrium 
of the reaction catalyzed by malic dehydrogenase is greatly in 
favor of malic acid). 

The second type of experiment concerned the possibility of 
carbon dioxide exchange into malate in the absence of TPN. 
Such exchange might be expected to occur if the overall process 
occurred by decarboxylation and then oxidation-reduction, 2a 
and 2b, 


++ 





malate + enzyme lactate-enzyme + CO:2 (2a) 





lactate-enzyme + TPN — pyruvate + enzyme + TPNH (2b) 


or if the process could involve a reduced enzyme, as visualized 
in reactions 3a, 3b, and 3c, 


malate + enzyme,x =— oxalacetate-enzymerea (3a) 
oxalacetate-enzyMe€ rea outlast 

pyruvate + COs + enzymerea (3b) 
enzyMerea + TPN = enzyme,x + TPNH (3c) 


Very small but significant carbon dioxide incorporation into 


| malate was observed, but the incorporation was greatly stimu- 


lated by small quantities of TPN or TPNH. The rate of CO, 
exchange in the presence of 10-' m TPNH was 100 times the 
CO exchange in the absence of added pyridine nucleotide. It 
was not possible to rule out the possibility that TPN in sufficient 
quantity to give such a result was present along with the enzyme 
preparation. The substantial stimulation by small quantities 
of TPN, however, does indicate that the process of CO: fixation 
into malate directly involving pyridine nucleotide TPN or 
TPNH is preferred. The reaction mechanism 2a and 2b is 
perhaps not likely because of the demonstrated oxalacetate 
decarboxylase activity of the enzyme, and because of the strong 
chemical precedent for 6-keto decarboxylation over 8-OH- 
decarboxylations (28). Reaction mechanism 3a, 3b, and 3c is 
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Fia. 5. Influence of malate, TPN, and Mn**+ on p-mercuri- 
phenylsulfonate inhibition of malic oxidative decarboxylase ac- 
tivity of ‘malic enzyme” preparations. Conditions for optical 
assay of activity as in Fig. 4. 35 yg. of malic enzyme present, p- 
mercuriphenylsulfonate (PCMBSA) concentration when present, 
10-* m. Effects of malate, TPN or MnSO, refer to addition of 
these substances to enzyme solution before the addition of p- 
mercuriphenylsulfonate. 

















not attractive in view of the extensive experiments of Levy and 
Vennesland (36), which would seem to indicate a direct transfer 
of hydrogen to pyridine nucleotide acceptor. Even though 
there are no experiments of this type with the malic enzyme, it 
is unlikely that its behavior would differ radically from the 
other dehydrogenases. It is emphasized that the deuterium 
transfer experiments do not rigorously exclude a mechanism of 
the type indicated in equations 3a, 3b, and 3c, but they severely 
restrict the nature and/or lifetime of the reduced enzyme inter- 
mediate. 

In view of the foregoing, it seems probable that both Mn++ 
and TPN are involved in oxalacetic decarboxylase and in malic 
oxidative decarboxylase processes, and that the activities are 
associated with one site on the pigeon liver enzyme. 


SUMMARY 


1. The malic enzyme has been purified more than 1000-fold 
from pigeon liver. 

2. Purified preparations exhibit both malic oxidative decar- 
boxylase and oxalacetic decarboxylase activity. 

3. The concentration of malate markedly influences the pH of 
optimum malic oxidative decarboxylase activity. In addition, 
the K, (malate) decreases approximately 10-fold for each unit 
of pH from 8.5 to 6.5. This phenomenon is probably a reflec- 
tion of the dissociation of a group on the enzyme which influ- 
ences the binding of malate, rather than a selective preference 
on the part of the enzyme for one ionic form of malate. 

4. Triphosphopyridine nucleotide (oxidized) (TPN) is specifi- 
cally required in the malic oxidative decarboxylase reaction: 
analogues are only slightly inhibitory. TPN also stimulates 
oxalacetic decarboxylase activity, although there is apparently 
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residual enzymatic activity in its absence. This stimulation 
by TPN is remarkably specific; a variety of analogues and 
partial degradation products are completely without activity. 
5. Several metal ions, in addition to Mg++ and Mn**+, promote 
malic oxalacetic decarboxylase activity. In particular, Co*++ 
in high concentrations allows higher initial velocities than Mn**+. 
Cutt is also weakly effective, whereas Hg*+ is a strong inhibitor. 
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6. Inhibitor studies suggest a functional role for an SH group 
in the malic oxalacetic decarboxylase reaction. Other experi- 
ments on the mechanism of action of this enzyme are discussed. 


Acknowledgment—The experiments on the oxalacetic decar- 
boxylase activity of these preparations were performed with 
Dr. F. Friedberg. 
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Proton Magnetic Resonance Spectra of Amino Acids* 


OteG JARDETZKY} AND CHRISTINE D. JaRDEerzkyt 
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(Received for publication, March 19, 1958) 


High resolution nuclear magnetic resonance spectroscopy has 
already proved its ability to yield valuable information on the 
structure, reactivity and exchange rate of a variety of compounds. 
Although its application to substances in aqueous solution 
has often been limited by solubility and exchange, it has been 
possible to detect the spectra of several amino acids and dipep- 
tides in water (1). These observations have now been extended 
to a systematic survey of all the biologically most important 
amino acids in aqueous solution. Some interesting correlations 
have become apparent from this information. 


MATERIALS AND METHODS 


All spectra were obtained with a Varian Associates V4300B 
high resolution spectrometer using a 40 Mc fixed frequency oscil- 
lator in a field of 9400 gauss and a Varian G10 recorder. Ob- 
servations were made at a radio-frequency level yielding maximal 
amplitude of the water signal, corresponding to minimal satura- 
tion. Samples were examined in spinning cylindrical Pyrex 
glass tubes of 5 mm. outside diameter in which a 1.5 mm. optical 
density coaxial marker tube containing either glass distilled 
water or redistilled toluene could be inserted as an external 
reference standard. By comparison with results obtained using 
the specially designed precision bore tubing manufactured by 
the Wilmad Company (2), errors caused by tube or marker 
imperfections were found to be negligible compared to errors in 
the standardization procedure. 

Whenever possible, shifts were measured directly by a side- 
band modulation technique (3) using a Hewlett-Packard model 
200 AB audio oscillator. The frequency at which the side-band 
of the water or toluene resonance in the marker could be super- 
imposed on a peak in the amino acid solution was taken as the 
frequency separation of the two peaks. Reproducibility to 
within +1 to 2 ¢.p.s. (0.025 to 0.05 p.p.m.) could readily be 
achieved by this method. However, in the majority of cases, 
the low intensity of the absorption peaks, even in saturated 
amino acid solution, precluded their direct observation on the 
oscilloscope and made it necessary to measure shifts from a 
calibrated record. Three independent calibrations have been 
adopted based on the separation of (a) side-bands of the water 
marker at known frequency, usually 100 c¢.p.s., (b) the two 
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peaks of toluene measured directly and taken as 196.8 ¢.p.s., 
and (c) the CH: and CH; peaks in absolute ethanol taken as 
102.7 c. p. s. All procedures gave mutually consistent results, 
although it has not been possible to decrease the error beyond 
+3 per cent of the shift, primarily due to the variation of sweep 
rate at slow sweep and to nonlinearity of the recorder. The 
reported shifts represent averages of six independent measure- 
ments uncertain within the limit stated above and expressed in 
parts per million relatively to water. Although greater precision 
is desirable, it is unlikely to affect appreciably the conclusions 
reached on the basis of the present data. 

Probable assignment of peaks to structural groups of the amino 
acids was based on intensities of absorption peaks and their 
predicted splitting, as well as on the already existing correlation 
between shift and shielding of various groups in other types of 
organic compounds (4). In many instances, the relative magni- 
tude of the peaks would obviously permit only one solution. 
In doubtful cases, areas under the absorption curves were esti- 
mated with a planimeter, taking the average of six measurements 
as representative, the error being +5 per cent. 

The amino acids used were CP grade furnished by the Cali- 
fornia Foundation for Biochemical Research or Eastman Grade 
of the Eastman Kodak Company. Solutions were prepared 
with deionized “Puritas” water or in D.O obtained from the 
Stewart Oxygen Company. All other chemicals were reagent 
grade products from Merck and Company. Within the accessible 
range, the pH of the solutions was determined with a Beckman 
model G pH meter at 27°, the temperature at which nuclear 
magnetic resonance spectra were observed. In concentrated 
acid and alkali, hydrogen ion concentration was roughly esti- 
mated from the amount of reagent added. Aqueous solutions 
of amino acids were within 0.1 of the pH unit from the isoelectric 
point unless otherwise stated. 


RESULTS AND DISCUSSION 


To illustrate the type of spectrum obtainable for amino acids 
of moderate complexity, the spectrum of the saturated aqueous 
solution of proline in D,O is given in Fig. 1. Even for this 
relatively highly soluble amino acid the signal intensity is 
many times smaller than that obtained for pure organic liquids. 
The resulting low signal to noise ratio tends to introduce an 
additional error in the measurement of shifts and areas, especially 
in the presence of splitting. As the NH,* line has been observed 
to merge with the solvent line at much lower pH, all of the peaks 
seen in water can be attributed to hydrogens attached to carbon. 
From the structure of proline, one would predict at most 4 and 
probably 3 nonequivalent groups of absorption lines, respec- 
tively due to Group 1, to Groups 2 and 3 combined, and to 
Group 4. As a result of the proximity of the nitrogen, the 
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Fig. 1. Proton magnetic spectrum of proline in D.O 
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shielding of Group 4 would be expected to be less than that of — the extent of but 0.4 p.p.m. over the entire pH range. Methyl- 


Groups 2 or 3. The expected first-order splitting is triplet 
CH, triplet CHo, and sextet of 2 CH. with a ratio of areas 1:2:4 
for the three peaks, respectively. A more complex pattern of 
lines can be obtained with further resolution and is to be attrib- 
uted to second order interactions of protons across more than 
one C—C bond. The pattern in Fig. 1 illustrates the first order 
effect as indicated in the legend. 

A general survey of shifts in water and at extremes of pH for 
the 22 amino acids is presented in Table I. In all cases, the 
NH;* or NH:* groups are observable only in extremely acid 
solution indicating that at higher pH exchange of the correspond- 
ing hydrogens is very rapid. The shielding of protons attached 
to a nitrogen seen in anhydrous sulfuric acid solutions is relatively 
little affected by variations in the amino acid side-chains. The 
shifts for the NH;* group under these conditions lie between —2 
and —3.3 p.p.m. while the center of the NH,* triplet falls at 
—2.5 p.p.m. (5). Just as in the case of the ammonium ion, 
the exact position of the NH;* line depends markedly on the 
hydrogen ion concentration, as will be illustrated below. 

There is likewise a typical shielding for the a-hydrogens of 
a-amino acids which is somewhat dependent on pH, being 0 + 
0.15 p.p.m. in acid, 0.85 + 0.15 p.p.m. in water, and 1.27 + 
0.15 p.p.m. in alkali. Exceptions to this are the a-hydrogens of 
serine, threonine, cysteine, and hydroxyproline, in which the 
shielding is diminished by the oxygen or sulfur on the adjacent 
carbon, resulting from, as one would expect, the higher electro- 
negativity of the substituent atoms, as compared to hydrogen. 

In contrast to the relatively unshielded a-CH group are the 
CH groups in valine and leucine which are attached only to other 
aliphatic groups. Shifts for these are in the neighborhood of 
+2.5 p.p.m. with little dependence on pH. Generally, the 
farther a group is removed from the a-carbon, the less it is 
affected by changes in the hydrogen ion concentration; its shift 
is then primarily determined by substituents attached directly 
to it. Thus, methylene groups of leucine, isoleucine, lysine, 
arginine, and proline, having only aliphatic neighbors, show 
shifts in the vicinity of +2.7 to +3.3 p.p.m. and varying to 


ene groups in the shorter chain acids are considerably less shielded 
and more affected by pH, especially when NH or NHe groups 
are attached to them as in lysine and arginine. Most shielded 
of all the groups observed are the terminal methyl groups of 
valine, leucine and isoleucine. In order of decreased shielding, 
lie the methyl groups of alanine and threonine, the S-methyl 
of methionine and the N-methyl groups of betaine. In every 
case it is possible to account for the order of effectiveness of 
different substituent atoms in decreasing the shielding of the 
given group by the order of their electronegativities (O > N > 8) 
and by their proximity to the observed protons. Ring protons 
in phenylalanine, tyrosine, histidine, and tryptophan are found 
in comparatively low fields, as expected; the decrease in shielding 
is greatest in nitrogen-containing rings. 

In aqueous solution, it is not possible to observe a separate 
line due to the hydroxyl or sulfhydryl protons. Most likely, 
these, like the protons of the carbonyl group, exchange very 
rapidly with the solvent. The alternative possibility that the 
corresponding line is broadened beyond detection with the present 
techniques is highly improbable because of the comparatively 
negligible nuclear moments of the normal isotopes of oxygen and 
sulfur. 

Most of the amino acids were studied in D.O as well as water. 
The shifts were in all cases identical to those in H,O within the 
limits of experimental error and are hence recorded together in 
Table I. With the exception of the protons of the guanidino 
group in arginine no difference in the number or intensity of 
peaks were observed, even after storage of the D.O solution 
for many days, confirming the exceedingly slow exchangeability 
of carbon-bound hydrogens established by other techniques. 

The pH dependence of shifts in amino acid spectra is given in 
more detail in Fig. 2. Of greatest interest in this plot is the 
striking difference in the behavior of protons attached to the 
a-amino nitrogen and those attached to the nitrogen of urea and 
guanidine. The a-amino protons like the protons of the NH,+ 


ion (5) are shielded most in nearly anhydrous sulfuric acid. 
As the proportion of water in the solution is increased, the 











TABLE I 
Chemical shifts in proton spectra of amino acids and related compounds 
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Fig. 2. The pH dependence of amino acid proton resonance signals 


shielding rapidly decreases until in 9 to 10 N acid, both the 
amino and water lines begin to broaden, coalescing in 3 to 6 N 
acid into a single broad line which becomes sharpened upon 
further dilution. It is noteworthy that in 16 N acid only one 
line is observed instead of the separate NH;*+ and solvent lines. 
However, there is no broadening of either line preceding their 
apparent fusion, and at lower acid concentrations, two lines 
appear again with the solvent line now lying at lower fields than 
the line caused by the amino group. Consequently, it would 
be quite erroneous to attribute the coincidence of the two lines 
to proton exchange. The concentration of acid (3 to 6 N) 
critical for the disappearance of a separate absorption line attrib- 
utable’ to amino group protons does not differ much for the a- 
amino groups studied but is slightly lower for the e-amino group 
of lysine. Since the methyl ammonium ion studied by Grun- 
wald et al. (6) does not begin to exchange hydrogens until a 
still considerably lower acid concentration, it appears that the 
presence of the carboxyl group is more important in facilitating 
exchange than its distance from the amino group within the 
molecule. 

Unlike Grunwald et al. (6) we could not evaluate the exchange 
rate from the pH curve as no splitting of the a-hydrogen peak 
because the NH;*+ was observed except in the case of glycine. 
A possibility of obtaining reliable exchange rates by the pro- 
cedure of McConnell and Thompson (7) is still under investi- 
gation. 

In molecules containing more than one nitrogen group at- 
tached to the same carbon, such as urea, citrulline, guanidine and 
arginine, the NH and NH; protons are not detectable in either 
acid or alkali but give rise to a distinct peak in aqueous solution 
at pH’s between 2 and 7. This strongly suggests the existence 
of at least two exchange mechanisms that likely involve acid and 
base catalysis, respectively. It is of interest in this connection 
that thus far it has not been possible to detect the proton of the 
peptide group either in water or in D.O. The question as to 
whether this is caused by exchange or to broadening by inter- 


action with the N™ nucleus must still be regarded as open. 
The latter possibility deserves consideration in view of the broad- 
ness of the proton line in urea which has a half-width of 0.25 
p.p.m. (10 c.p.s.) in water, as compared to 0.15 p.p.m. (6 ¢.p.s.) 
for the a-amino group seen in strong acid and the 0.03 p.p.m. 
(1.5 ¢.p.s.) for most other lines. 

Two further points of interest emerge from Fig.2. The solvent 
proton in amino acid solution follows very closely the pH course 
of the proton in pure sulfuric acid, water, or sodium hydroxide- 
water mixtures but consistently remains shifted towards lower 
fields by at most 0.3 p.p.m. This small shift probably reflects 
the exchange of protons between water, carboxyl, and amino 
groups and perhaps to a smaller extent differences in the bulk 
susceptibility of the solutions. On the other hand shifts of the 
amino acid groups do not vary continuously with pH, but es- 
sentially reflect the titration curve of the acids. Thus the 
change in the shift from 0 to +0.85 p.p.m. corresponds to the 
transition from cation to dipolar ion and the change from +0.85 
to +1.27 p.p.m. to the transition from dipolar ion to anion 
as has been suggested in a previous communication (1). Groups 
partly removed from the carboxyl reflect the same transitions 
over narrow ranges of pH but to a much lesser extent. The 
CH: groups of lysine and arginine, on the other hand, are pri- 
marily affected by the single transition of the adjacent groups 
from a charged to an uncharged form. 

The concentration dependence of shifts has been studied in 
solutions of glycine, alanine, arginine, proline, and hydroxyproline 
as well as guanidine and urea. With the exception of the solvent 
line which was found to be shifted to lower fields with increasing 
concentration, the position of absorption lines for all other 
amino acid groups was found to be independent of concentration 
within the limits of the experimental error. This may be re- 
garded as confirming the absence of spontaneous dimerization 
or of specific ion solvent interactions. 

The spectra of alanine, arginine, hydroxyproline and histidine 
have also been studied as functions of ionic strength in NaCl, 
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TaBLe II 


Chemical shifts in proton spectra of amino acids 
at different ionic strength 





Alanine Tonic 









































strength Solvent CH CH; 

a. NaCl 0.67M 0.38 —0.21 +0.65 +3.49 
3.35M 1.92 —0.17 +0.50 +3.44 
6.70M 3.85 0 +0.35 +3.29 

b. MgCl, 0.37m 0.84 —0.32 +0.86 +3.43 
1.86M 4.72 —0.72 +0.74 +3.25 
3.71M 8.41 —1.13 +0.53 +3.14 

ec. AIC]; 0.52mM 2.5 —0.32 +0.88 +3.40 
2.62m 12.32 | —0.81 +0.63 +3.27 
5.24 24.65 | —1.15 | +0.55 | 43.21 

: Guani- 
Arginine semi, |Solvent| SRP | CH | CHa(t) | CHx(2) 
NHe 

a. NaCl 0.67M 0.38 |—0.36|—2.28)+0.70|+1.30|+2.68 
3.35M 1.92 |—0.20|—2.22|+-0.66/+1.29|/+2.66 
6.70M 3.85 |—0.18)—2.21/+0.59|+1.13)+2.56 

b. MgCl. 0.37m 0.84 |—0.50)—2.29|+0.68/+1.26/+2.62 
1.86m 4.72 |—0.82|—2.29|+0.52/+1.12/+2.59 
3.71M 8.41 |—0.93|—2.29|+0.23/+1.01)+2.42 

c. AIC]; 0.52mM 2.5 |—0.78}—2.28|+0.65/+1.21/+2.60 
2.62m 12.32 |—0.90|—2.33)+0.34|/+1.11/+2.52 
5.24m 24.65 |—0.97|—2.59/+0.28|/+1.04/+2.44 

Hydroxyproline otis Solvent | CH(1) | CH(2) | CH2(1) | CH2(2) 

a. NaCl 0.67mM 0.38 |—0.35) n.o.*| 0 +1.13)+2.34 
3.35M 1.92 |—0.23) n.o. |—0.03)+1.07|+2.24 
6.70M 3.85 |—0.20) n.o. |—0.08)+0.93)/+2.11 

b. MgCl. 0.37M 0.84 |—0.47) n.o. 0 +1.14|+2.39 
1.86M 4.72 |—0.83) n.o. |—0.06|}+0.95|+2.18 
3.71M 8.41 |—0.99) n.o. |—0.09/+0.81/+2.01 

ce. AIC]; 0.52m 2.5 |—0.53) n.o. |—0.10)+1.16|+2.37 
2.62M 12.32 |—0.95) n.o. |—0.27|+0.96/+2.08 
5.24m 24.65 |—1.19) n.o. |—0.35)/+0.82)+1.95 

Histidine ie. Solvent | CH(1) | CH(2) | CH(3) | CH: 

a. NaCl 0.67m 0.38 |—0.23|—3.48)/—2.75|+1.15|+1.30 
3.35M 1.92 n.o. | n.o. 
6.70M 3.85 n.o. | n.o. 

b. MgCl. 0.37M 0.84 |—0.24|/—4.06|—2.86|/+1.05|+1.26 
1.86M 4.72 |—0.65)—4.22|—2.93|+0.77|+0.96 
3.71M 8.41 |—1.06|—4.53) —3.06|+0.25/+0.84 

ce. AIC]; 0.52m 2.5 |—0.45|—4.13)—2.79|+1.09|+1.26 
2.62m 12.32 |—1.29|—4.27/—2.82}+0.85)+1.03 
5.24mM 24.65 |—1.89|—4.44/—3.18)—0.05/+-0.88 























* n.o. = no observation. 
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MgCl, and AICl;. A small but consistent decrease in the 
shielding of all groups, especially the a-CH group, with in- 
creasing ionic strength is seen from the data in Table II. In 
MgCl, and AICI;, but not in NaCl, this is paralleled by a sizable 
shift of the solvent protons toward lower fields. This shift is 
less marked than that observed in amino acid free solutions of 
the two salts at corresponding concentrations. The shifts of 
the amino acid groups are in the same direction as those for the 
cationic form suggesting a decrease in the effective charge on 
the carboxyl. It is therefore likely that these effects indicate 
ion pair formation between cations and the carboxyl group of 
the amino acid. A decreased shielding of the solvent protons 
may conceivably reflect an increase in hydrogen bonding ac- 
companying the stabilization of water structure in concentrated 
ionic solutions. Addition of the larger molecule such as an 
amino acid, especially if it results in ion pair formation, can be 
expected to counteract such stabilization. 

The recent report of the proton magnetic spectrum of the 
protein ribonuclease (8) has made it possible to attempt an 
interpretation of this spectrum on the basis of the present study 
(9), as preliminary experiments have indicated that shifts due 
to peptide bond formation, although measurable, are compara- 
tively small. The good agreement between the observed spec- 
trum and that predicted with the aid of the known amino acid 
composition of ribonuclease offers promise for a ready under- 
standing of proton resonance spectra of other proteins as well. 
In fact it was possible to predict the ribonuclease spectrum in 
considerably greater detail than was originally observed, and 
it is of great interest that a more detailed spectrum has since 
been observed by Bovey and collaborators (10). 


SUMMARY 


Proton magnetic resonance spectra of 22 amino acids are 
reported with the probable assignment of peaks. A marked 
pH dependence has been observed for the shift of protons bound 
to nitrogens and a much lesser effect for the hydrogens bound 
to carbon. Shielding appears to be typical for the cationic, 
dipolar, and anionic forms of the acids, respectively. There is 
little dependence on concentration and a slight generalized de- 
crease in shielding with increase in ionic strength. 


Acknowledgments—The authors are very much indebted to 
Professor Linus Pauling for the opportunity to pursue this work 
and for his constant interest and encouragement, to Professor 
John D. Roberts for the use of the nuclear resonance equipment, 
and to Professors John T. Edsall, Harden M. McConnell, and 
Dr. Axel A. Bothner-By for a number of valuable discussions 
and critical reading of the manuscript. The technical assistance 
of Mrs. Shizuko Yagi is greatly appreciated. 


REFERENCES 


1. Takepa, M., aNnp JarpeTzky, O., J. Chem. Phys., 26, 1346 
(1957). 

2. ZIMMERMANN, J. R., anp Foster, M. R., J. Phys. Chem., 61, 
282 (1957). 

3. ARNOLD, J. T., aND Packarp, M. E., J. Chem. Phys., 19, 1608 
(1951). 

4. Gutowsky, H. 8., Varian Assoc. Tech. Inform. Bull., 1, No. 
2 (1954). 


5. Oae, R. A., Jr., Discussions Farad. Soc., 17, 215 (1954). 


6. GRUNWALD, E., LowEensTetn, A., AND Mersoom, S., J. Chem. 
Phys., 25, 382 (1956). 

7. McConneE.u, H. M., ano Tuompson, D. D., J. Chem. Phys., 
26, 958 (1957). 

8. SaunpERs, M., Wisanra, A., AND Kirkwoop, J. G., J. Am. 
Chem. Soc., 79, 3289 (1957). 

9. JarpDETzKY, O., AND JarpeTzkKy, C. D., J. Am. Chem. Soc., 
79, 5322 (1957). 

10. Bovey, F. A., in press. 





The Properties of Particulate Phosphoprotein Phosphatase 


KENNETH PAIGEN 


From the Department of Experimental Biology, Roswell Park Memorial Institute, Buffalo, New York 


(Received for publication, March 5, 1958) 


The very high metabolic activity of protein-bound phos- 
phorus was first discovered by Davidson et al. (1) in P® up- 
take experiments and subsequently confirmed in other labora- 
tories. A possible explanation of these findings is that the 
primary step in oxidative phosphorylation results in the forma- 
tion of a phosphorylated protein with subsequent transfer of 
the high energy phosphate to adenosine triphosphate. The 
existence of a high energy phosphate complex before adenosine 
triphosphate has been suggested by a number of investigators 
(see (2) for review). An enzyme, phosphoprotein phosphatase, 
which liberates inorganic phosphate from phosphoproteins, was 
first found by Harris (3) in frog eggs. Some of the properties of 
the enzyme as it occurs in rat (4, 5) and ox (6) tissues were 
subsequently reported on. 

A study of this enzyme was undertaken to test the hypothesis 
that the activity of some uncoupling agents results from their 
ability to activate a mitochondrial phosphoprotein phosphatase. 
Although the enzyme was present in the cytoplasmic particles 
of liver,’ it was not activated by any of the uncoupling agents 
tested. In the course of this work, a number of additional 
properties of the enzyme were examined; the enzyme was found 
to be metal activated, and a study of the kinetics suggested a 
rather unusual role for the metal. 


MATERIALS AND METHODS 


Substrate Solution—A 5 per cent suspension of casein powder 
in 0.03 m NaHCO; was brought into solution by warming to 80°. 
This solution was then dialyzed against 40 volumes of 2 x 10-3 
mM ethylenediaminetetraacetic acid in 0.05 m sodium maleate 
buffer, pH 6.4, followed by two dialyses against 40 volumes each 
of the maleate buffer alone. 

Enzyme Preparation—Preliminary experiments indicated that 
mouse liver phosphoprotein phosphatase is bound to cellular 
particles. A stable preparation of the enzyme was therefore 
obtained from mitochondrial suspensions. A 15 per cent ho- 
mogenate, in 0.25 m sucrose, of the livers of male Swiss mice was 
filtered through gauze and the resulting filtrate layered over 0.25 
volumes of 1 m sucrose. Following centrifugation at 600 x g 
for 10 minutes in a horizontal yoke centrifuge, the upper layer 
was transferred to the No. 40 rotor of the Spinco ultracentrifuge. 
The pellet obtained after centrifugation at 12,000 x g for 20 
minutes was washed once with 0.25 m sucrose at the same speed. 
The final pellet was taken up in 0.25 m sucrose and dialyzed 
overnight against 100 volumes of 0.01 m lactic acid. The 
dialyzed suspension, which contains the enzyme in soluble form, 
gave a negligible blank and was stable indefinitely when stored 


1 Phosphoprotein phosphatase is located primarily in lysosomes. 
A detailed report of these experiments is in preparation. 


frozen. This procedure yielded a preparation having a specific 
activity approximately 10 times that of the original homogenate. 

Enzyme Assay—A sufficient amount of the enzyme, cysteine 
to give a final concentration of 0.01 m, and any additions were 
made up to 1 ml. in an ice bath and the reaction started by the 
addition of 1 ml. of substrate solution at 37°. The reaction 
was stopped after 20 minutes at 37° with the addition of 4 ml. 
of 0.3 n trichloroacetic acid, plus 0.5 gm. of Dowex 50-X1 (hy- 
drogen form). The latter served to remove phosphorylated 
peptides, produced during the reaction, whose presence interfered 
with the subsequent determination of inorganic phosphate. The 
reaction mixtures were filtered and the liberated inorganic 
phosphate determined by the method of Sumner (7). 

Materials—Commercial Hammarsten quality casein (Nutri- 
tional Biochemicals Corporation) was used for the preparation of 
substrate solutions. Purified a- and 6-casein either were pre- 
pared by the urea method of Hipp et al. (8) or were the generous 
gift of Dr. T. L. McMeekin. Deoxyribonucleic acid and ribo- 
nucleic acid were commercial samples of relatively low molecular 
weight. Samples of sulfated chitosan, Kurrol’s salt (potassium 
polyphosphate glass), sodium polyethylene sulfonate, and sodium 
dextran sulfonate were gifts of Dr. W. Regelson. 


RESULTS 


Enzyme Concentration, Time, and pH—Reaction rate was not 
strictly proportional to enzyme concentration in crude tissue 
homogenates. However, as seen in Fig. 1, excellent propor- 
tionality was observed with partially purified preparations. 
The dependence of the activity on pH is shown in Fig. 2. It 
was not possible to determine reaction rates below pH 6 due to 
insolubility of the substrate. 

Under the assay conditions described, the liberation of in- 
organic phosphate continued at a constant rate for 30 to 40 
minutes and then declined. The further addition of substrate 
did not restore the rate, and fresh enzyme added to a spent 
reaction mixture was as active as the initial charge of enzyme. 
Hence, the decline in rate was caused by inactivation of the 
enzyme and not to exhaustion of the substrate or accumulation 
of an inhibitor. Inactivation was lessened, though not com- 
pletely eliminated, when cysteine was present. 

Sulfhydryl Dependence—In agreement with descriptions of 
the enzyme from other sources (4, 6), activity required the 
presence of intact enzyme sulfhydryl groups. The data of 
Table I show that the enzyme was activated by cysteine and 
inactivated by oxidation with H.O, or treatment with p-chloro- 
mercuriphenyl sulfonate. The oxidized enzyme could be re- 
activated with cysteine; however, addition of the mercuripheny] 
radical to the enzyme sulfhydryl] was not. reversible. There 
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TABLE I 
wm Sulfhydryl dependence of phosphoprotein phosphatase 
Additions pmoles P/hr./mg. N 
None 26.3 
a -3 10-2 M cysteine | 64.1 
a 10-2 m pCM¢@S 0.8 
Ss 10-2? m pCM@¢S + 10-? m cysteine 0.3 
Sle 10- m pCM¢S | 18.2 
10-* m pCM@S + 107? m cysteine 19.1 
10-2 m H.O, | 0 
10-? mM H,O, + 10-* M cysteine | 0.3 
I 10-? mw HO. | 0.7 
10-* m H2O2 + 10°? M cysteine | 58.9 
0.05 010 015 In addition to the above, 5 X 10-4 m FeSO, was present in all 
4 1 1 cases. pCM@¢S represents sodium p-chloromercuripheny] sul- 
MG. ENZYME NITROGEN senate. 
Fic. 1. The proportionality of reaction rate to enzyme concen- or 
tration. The reaction mixture also contained 0.005 m MnCl». 
80 - 
4 
x= 
> 60- 
= 
- 24 5 40} | 
& R Fa 
x 3 
20 § 
= 
O lie i 
= 
o 
s LOG. MOLAR CONC. 
=< Fic. 3. The dependence of reaction rate upon metal ion con- 
-8 centration 
6.0 7.0 8.0 
l 1 i 1 | l 4- 
@ 
pH 
Fig. 2. The pH dependence of phosphate release. The reaction 
mixture also contained 0.002 mM MnClo. 3- 
> 
appeared to be no specificity as to the reducing agent required, a 
since glutathione, ascorbate, and thioglycolate all could replace 2 
cysteine in activating the enzyme. 
Metal Activation—Although the activity of tissue homogenates 
was not so markedly affected by the addition of metal ions, the 
addition of any one of several divalent cations to partially 1 
purified enzyme preparations resulted in a considerable increase 
in activity. Among the ions tested, Cutt, Nit+, and Fe++ 
were most effective (Fig. 3). Whether Fet+++ functions as such, 
or after reduction to Fet+*+ by cysteine, is not clear. The O - 1 1 
simultaneous addition of Fe+*+ and Nit++ at optimal concentra- ¢) 5 10 


tions did not result in an activity higher than that in the presence 
of Fe++ alone. Among other ions tested, Co++ and Mn++ were 
much less effective, and Mgtt+, Zn++, Ca++, Al+++, and Cr++ 
were inactive. In Fig. 4 is a Lineweaver-Burk plot for FeSO, 


\0-*/Fe** 


Fic. 4. Kinetics of activation by iron. 
scribed in the text. 


K~» is corrected as de- 
Reaction velocity is in arbitary units. 
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5 -4 -3 
LOG. MOLAR CONC. 
PHENANTHROLINE 


Fig. 5. Inhibition by 1,10-phenanthroline. Control activity in 
the absence of added phenanthroline was 56 umoles of P/mg. of 
N/hour. 


activation, from which an apparent Michaelis constant of 
1.9 * 10-* is obtained. When corrected for the contribution of 
the K,/S term of the modified rate equation (see ‘‘Discussion”’ 
for details), this value becomes 1.2 x 10-4. 

Whenever there was a diminution of activity at high metal 
concentrations, this was invariably correlated with visible 
precipitation of the substrate. 

With the exception of 1,10-phenanthroline, metal-complexing 
agents had little effect on the activity obtained in the absence 
of added metal activator. Sodium fluoride, thiosemicarbazide, 
sodium azide, 8-hydroxyquinoline, a,a’-dipyridyl, diethyldi- 
thiocarbamate, oxalate, and ethylenediaminetetraacetate were 
without effect at concentrations below 0.01 m. Inhibitions 
ranged from 0 to 30 per cent at concentrations above 0.01 m. 
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In contrast to these, phenanthroline was a powerful inhibitor, 
giving 50 per cent inhibition when added to reaction mixtures 
at 10-* m (Fig. 5). In spite of this, prolonged dialysis of both 
enzyme and substrate solutions against 10-* m phenanthroline, 
with subsequent removal of the phenanthroline by dialysis 
against buffer, did not result in any loss in activity. The 
ability of phenanthroline to act as an inhibitor without removing 
metal from the reaction components suggests that inhibition 
resulted from a competition by phenanthroline for a metal- 
containing binding site. Attempts were made, therefore, to 
determine whether phenanthroline inhibition is competitive with 
the substrate. A conventional kinetic analysis failed, since in 
the absence of an added metal activator linear plots of 1/v versus 
1/s were not obtained in experiments in which the substrate 
concentration was varied (see below). However, the concentra- 
tion of phenanthroline required for 50 per cent inhibition was 
essentially the same at substrate concentrations of from 0.1 to 
2.5 per cent casein. It thus appears unlikely that casein and 
phenanthroline both bind to the same site. 

a- and B-Casein—The enzyme attacks both a- and 8-casein. 
In Fig. 6 are shown the substrate-activity curves for both a- 
and 6-casein with and without added FeSO,. In the presence of 
Fet+, values of K, = 0.40 per cent for a and 0.43 per cent for 8 
were obtained; these correspond to 9.7 X 10-4 Mm and 6.8 x 10-4 
M phosphorus, respectively. 

In the absence of added Fe**, as the substrate concentration 
was raised, the reaction rate increased faster than is accounted 
for by simple enzyme-substrate complex formation. This is 
demonstrated by the nonlinearity of the lower curves in Fig. 6 
and is particularly marked at low substrate concentrations. 
The explanation for this probably lies in the finding that casein 
solutions which had been exhaustively dialyzed against metal- 
complexing agents still showed a residual Fe content of 1 ug./ml. 
when examined by emission spectroscopy. (This corresponds to 
approximately 1 Fe atom per 100 casein molecules, assuming a 
molecular weight of 33,000.) This residual Fe can apparently 
serve to activate the enzyme so that, as the casein concentration 
was raised, the reaction proceeded more rapidly both from an 
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Fic. 6. The dependence of reaction rate on substrate concentration for a- and 6-casein. 
@,5 X 10°‘ m FeSO, present; 0.012 mg. of enzyme N/ml. 


N/ml. 
action velocity in arbitrary units. 


O, no added metal; 0.048 mg. of enzyme 
Substrate concentration is expressed as final per cent casein, re- 
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increase in substrate concentration and from the activation of 
new enzyme molecules. 

Differentiation from Acid Phosphatase and Cathepsin—The 
possibility that the inorganic phosphate liberated from casein 
resulted from the cooperation of a cathepsin with acid phos- 
phatase was ruled out on several grounds. First, enzyme 
activity was directly proportional to enzyme concentration. 
Second, there was no time lag in the appearance of inorganic 
phosphate, even at product concentrations as low as 3 x 10-5 
mM. Third, the catheptic activity (measured with either hemo- 
globin or casein as substrates) and acid phosphatase activity 
(measured with 6-glycerophosphate) present in the enzyme 
preparations were completely stable for 1 hour at 37° in the 
absence of a reducing agent, while phosphoprotein phosphatase 
activity had a half-life of 15 minutes under the same conditions. 
Fourth, neither the catheptic nor acid phosphatase activities 
present showed a requirement for either a reducing agent or a 
metal activator. Fifth, as mentioned above, fluoride and 
oxalate at 0.01 m had no effect on phosphoprotein phosphatase 
although they are strong inhibitors of acid phosphatase (9, 10). 
And finally, inorganic phosphate was liberated several times 
more rapidly from casein than from 8-glycerophosphate. 

Uncoupling Agents—In line with the hypothesis that un- 
coupling may result from the hydrolysis of a protein phosphate 
formed in the primary reaction of oxidative phosphorylation, 
uncoupling agents were tested for their ability to activate 
phosphoprotein phosphatase. Compounds were tested for their 
ability to activate the partially purified enzyme or to effect the 
release of the enzyme from cytoplasmic particles.!. Thyroxine, 
tri-iodothyronine, 2 ,4-dinitrophenol, and Ca*+, all at concentra- 
tions at and above those effective in uncoupling oxidative phos- 
phorylation, had no effect in either test system. 

Inactive Compounds—A number of substances have been 
examined for their effect on the enzyme with essentially negative 
results. Amino acids, which have been widely reported as 
stimulating various phosphatase activities, were tested. Glu- 
tamic acid, alanine, phenylalanine, and histidine were without 
effect. Sodium, potassium, ammonium, chloride, sulfate, suc- 
cinate, cacodylate, and maleate ions were also inactive. Di- 
hydrocortisone was inert, nor could an activator or inhibitor be 
detected in normal mouse serum. 

Molybdate and Other Polyanions—In view of the familiar 
ability of molybdate to form complex phosphomolybdates, the 
effect of ammonium molybdate on the reaction was tested. It 
proved to be an unusually powerful inhibitor, giving a 50 per 
cent decrease in reaction rate at approximately 10-* m molyb- 
denum (see Fig. 7). Due to the tendency for molybdate to form 
polymolybdates, the true concentration of molybdate ions was 
probably lower than this. At 5 x 10-5 m Mo, where inhibition 
was still complete, the reaction mixture contained approxi- 
mately 10 Fe** ions, 15 casein molecules (of molecular weight 
33,000), and 100 phosphate ester bonds for each atom of Mo 
present; hence, the only component present in sufficiently small 
amounts to be appreciably affected by reaction with molybdate 
was the enzyme itself. This reaction with molybdate was 
“uncompetitive” with Fe++, a type of inhibition resulting from 
combination of an inhibitor with an enzyme-substrate or enzyme- 
metal complex, but not with the free enzyme itself. This type 
of inhibition was first observed by Winzler (11) for the effect of 
azide on yeast respiration and was further analyzed by Burk 
(quoted in Ebersole et al. (12)). In contrast to the relation 
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Fic. 7. Inhibition by ammonium molybdate. Reaction mix- 
ture also contained 5 X 10-4 m FeSO,. Molybdenum concen- 
tration is expressed as moles of Mo atoms/liter. Control activity 
in the absence of inhibitor was 84 wmoles of P/mg. of N/hr. 
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Fic. 8. Kinetics of molybdate inhibition: metal and substrate 
concentrations. (a) Final concentration of mixed casein was 2.5 
per cent. Reaction velocity is in arbitrary units; 0.0155 mg. of 
enzyme N/ml. Lower curve: no added inhibitor. Upper curve: 
5 X 10-°m Mo. (6) Reaction mixture also contained 5 X 10-‘ M 
FeSO,. Substrate concentration is final per cent mixed casein, 
reaction velocity in arbitrary units; 0.0072 mg. of enzyme N/ml. 
Lower curve: no added inhibitor. Upper curve: 5 X 10-* Mm Mo; 
average inhibition was 58 per cent. 


with Fe++, molybdate inhibition was noncompetitive with the 
substrate, implying that substrate and inhibitor molecules can- 
not displace each other from the enzyme surface. 
are demonstrated in Fig. 8. 

To test the possibility that inhibition by molybdate was a 
nonspecific property of polyanions in general, several other 
polyanions were examined for activity. Ata level of 0.5 mg./ml., 
deoxyribonucleic acid, ribonucleic acid, Kurrol’s salt, and sul- 
fated chitosan were inactive, while sodium polyethylene sulfonate 
and sodium dextran sulfonate gave 50 per cent inhibition. It 
thus appears that while some polyanions are inhibitory there is 
a considerable degree of specificity involved. 


These results 
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DISCUSSION 


The phosphoprotein phosphatase described here shows no 
relation to the uncoupling of oxidative phosphorylation. 
Whether such an enzyme is concerned is still open to question 
since there is one unavoidable flaw in the design of these ex- 
periments. A protein phosphate of a high-energy type would 
be expected to be an acid anhydride, or possibly a phosphoryl- 
ated sulfhydryl, whereas the only phosphorylated proteins 
available for use as test substrates contain primarily ester phos- 
phates. 

The results reported here clearly indicate that phospho- 
protein phosphatase is both sulfhydryl and metal dependent. 
The requirement for reduced -SH groups is in accord with the 
observations of Feinstein and Volk (4) and Sundararajan and 
Sarma (6), although not with those of Norberg (5). There have 
been no previous reports of metal dependence, and even several 
reports of inhibition by metal (4, 5). The discrepancy concern- 
ing metal activation of the enzyme is not due to the use of 
enzyme from different sources since, in this laboratory, the 
activities of crude homogenates of rat spleen and liver are also 
significantly enhanced by the addition of iron. It is conceivable 
that some commercial samples of casein contain sufficient iron 
to activate the enzyme fully. We have found that metal 
dependence is enhanced following dialysis of either enzyme or 
substrate; optimal enhancement follows dialysis of both. The 
cases of metal inhibition which have been reported probably 
resulted from substrate precipitation at higher metal concentra- 
tions. 

In attempting to understand the nature of the reactions 
studied here, several facts should be borne in mind. The 
failure of a variety of chelating agents, including 8-hydroxy- 
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quinoline, a,a’-dipyridyl, and ethylenediaminetetraacetate, to 
inhibit suggests that the inhibition by phenanthroline results 
from a specific combination with enzyme-bound metal, rather 
than from the removal of any free iron in solution. This in- 
terpretation is supported by the inability of phenanthroline to 
remove an essential reaction component upon dialysis. The 
uncompetitive nature of molybdate inhibition with respect to 
Fe** implies that molybdate can combine only with the enzyme- 
metal complex and not with free enzyme molecules. In neither 
of these cases was the inhibition competitive with the substrate. 
This failure of casein to displace inhibitor molecules combining 
with enzyme-bound metal makes it unlikely that substrate 
molecules react with enzyme-bound metal. 

The simplest explanation of these findings is that the metal 
activator does not participate directly in the binding of sub- 
strate molecules, but rather reacts with the enzyme at another 
site, altering the configuration to a new and more active form. 
The inhibitory action of phenanthroline and molybdate results 
from acceptance of some of the coordination bonds of the metal 
ion, thus preventing a metal “bridge” from holding the enzyme 
in its active form; and since the metal is not at the substrate- 
binding site, these inhibitions are not reversed by substrate. 

Inhibition of some plant acid phosphatases by molybdate 
has been noted previously by Courtois and Bossard (10). In 
those cases, with B-glycerophosphate as the substrate, it is 
likely that inhibition resulted from the similarity of molybdate 
to, or its reactivity with, phosphate groups, since acid phos- 
phatase is not dependent on a metal for activity, and the inhibi- 
tion was of the competitive type. 

A reaction mechanism in which the metal serves to hold the 
enzyme in an active configuration rather than to bind the sub- 
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Fig. 9. A diagrammatic representation of the proposed reaction mechanism; a configurational change involving rotation of a peptide 
chain carrying a terminal -SH was chosen only for illustrative purposes and is not meant to imply that this is, in correct detail, the 
configurational change involved in activation. 
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strate is also of assistance in explaining the specificity of activa- 
tion by metals. Metal dependent phosphatases are usually 
optimally activated by Mg++, Mn++, Zn++, or Co++, with Fet+ 
and Nit+ less effective (13). Such an order of effectiveness 
parallels the ability of these ions to form stable phosphate 
complexes. The present enzyme, however, is activated not at 
all by Mg++ or Zn*++, weakly by Mn++ and Co**, and optimally 
by Fe*+*, Ni++, and Cut++. This latter order reflects the capacity 
of these ions to enter stable amino and sulfhydryl complexes (14). 

These ideas concerning the configuration near the active site 
and the effects of various inhibitors can be represented some- 
what diagrammatically as shown in Fig. 9. In this representa- 
tion of the mechanism, activation and inactivation result from 
changes in the accessibility of the active site to approaching 
substrate molecules. 

The direct participation of sulfhydryl groups in determining 
protein structure has been shown in the case of phosphorylase 
by Madsen and Cori (15). 

A rate equation which correctly predicts the kinetics observed 
with an inhibitor like molybdate is generated by assuming that 
the following reactions occur: 


k 
— EM (1) 


ke 


E+M 


ks ks 
EM+S8S —— EMS 
4 





EM + Product (2) 


k 
EM +1 —— EMI (inactive) (3) 
7 
kg 
EMS +1 —— EMSI (inactive) (4) 





where E is enzyme concentration, M the concentration of an 
activating metal ion, S the concentration of substrate, and J 
the concentration of an inhibitor. A consideration of the steady 
state rate equations yields: 


V 
_ max 
va 1+ 1/Ky' + K./S0 + Kn/M + 1/Kp) 





, k k k k; : 
where K, = 5° =— iz >, Kr = 5,7and K/ = -. Omis- 





sion of reaction (4) would make the inhibition competitive with 
Fe++. If an additional reaction E + I = EI (inactive) oc- 
curred, the inhibition would be noncompetitive with Fet*t, 
The mechanisms postulated are further supported by the experi- 
mental result that K,; = K,’. This equality results from the 
finding that the addition of molybdate in the presence of a 
high metal concentration increases the slope and intercept of 
1/v versus 1/s by the same factor, since from the rate equation 
this factor equals 1 + J/K, for the slope and 1 + J/K/’ for 
the intercept. Thus, the binding of the molybdate inhibitor, 
which requires Fe**, is quantitatively unaffected by the presence 
or absence of substrate binding. 

These equations do not predict the existence of maxima 
in the metal activation curves (Fig. 3). This inhibition at 
high metal concentrations is due, as mentioned previously, to 
the secondary formation of insoluble metal caseinates. 

One difficulty with this formulation of inhibitor action should 
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be pointed out. It is assumed that phenanthroline, as well as 
molybdate, reacts with an enzyme site containing reversibly 
bound metal. However, exposure of the enzyme to large 
amounts of phenanthroline, followed by dialysis to remove the 
phenanthroline, did not effect a reduction in enzyme activity 
measured in the absence of an added metal activator. This, 
and the failure of other chelating agents to inhibit, would be 
explained if a small fraction of enzyme molecules contained 
firmly bound iron. Unfortunately, there is no other evidence 
for such a heterogeneity of metal-binding sites. 

One point of some significance should be noted. It is cus- 
tomary to view the part played by metals in enzyme catalysis 
as promoting the formation of the enzyme-substrate complex. 
This is usually written as a double complex in which some of 
the coordination bonds of the metal are accepted by the enzyme 
and some by the substrate. In the cases of the decarboxylases 
(14), peptidases (16), reactions participated in by pyridoxal 
(17), and alcohol dehydrogenase (18), where the role of the metal 
has been investigated in some detail, this concept has been 
confirmed. The results with phosphoprotein phosphatase serve, 
however, to demonstrate that metal activation is not restricted 
to mechanisms involving substrate binding. Instead, as seems 
to be the case here, the metal may serve to hold the enzyme in 
an active configuration. Such a mechanism holds certain 
advantages as a regulatory device in vivo in the control of 
metabolic rates since it can, in principle, control any enzymatic 
reaction and is not restricted to those cases where the substrate 
is capable of forming strong metal chelates. 
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SUMMARY 


1. The preparation and properties of partially purified mouse 
liver phosphoprotein phosphatase are described. The enzyme 
attacks both a- and 6-casein and has a pH optimum below 6. 

2. Enzyme activity was not the result of a summation of 
catheptic and acid phosphatase activities. 

3. Uncoupling agents had no effect on either the release of 
the enzyme from cytoplasmic particles or the activity of the 
free enzyme. 

4. Activity was both sulfhydryl and metal dependent. Iron, 
nickel, and copper were the most effective metal ions tested, 
with cobalt and manganese less active. A number of other 
metal ions had negligible effects. The enzyme was inhibited by 
p-chloromercuripheny] sulfonate, HO», and 1, 10-phenanthroline, 
but not by some other metal-complexing agents. 

5. Ammonium molybdate was a powerful inhibitor of the 
enzyme, giving 50 per cent inhibition at 10-* m Mo. This 
inhibition was noncompetitive with the substrate and uncompeti- 
tive with the metal activator. 

6. These findings are best explained by assuming a mechanism 
in which the metal ion holds the enzyme in an active configura- 
tion, but does not participate directly in substrate-binding. 
Inhibition results from complexing of the metal ion by other 
molecules, or by blocking enzyme sulfhydryl and preventing it 
from complexing the metal. 
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Chemical Composition and End Groups of 
the Soybean Hemagglutinin* 
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The poor nutritive value of unheated soybean meal has been 
ascribed in part to the presence of a protein which has a toxic 
and growth-inhibiting effect on rats (1, 2), and has the ability 
to agglutinate red blood cells in vitro (3). Previous reports 
from this laboratory have described some of the physical (4), 
chemical (5), and immunological (6) properties of this soybean 
hemagglutinin.':? In this paper will be described an improved 
method for purifying SBH based on the principles of electro- 
phoresis-convection (8). The availability of a substantial 
quantity of highly purified SBH has permitted a study of the 
chemical composition and end groups of this protein. 


EXPERIMENTAL 


The initial purification of SBH was carried out in essentially 
the same manner as described previously (2). This involved 
ammonium sulfate fractionation of the extract, soluble at pH 
4.6, of untoasted soybean flour. Most of the hemagglutinating 
activity resided in that fraction which was precipitated between 
0.56 and 0.76 saturation. By subsequent dialysis and lyophiliza- 
tion of this particular fraction, about 5 gm. of crude active 
material (Fraction A) could be obtained from 2 kilos of soybean 
flour. Fraction A constituted the starting material for further 


* Paper No. 3906, Scientific Journal Series, Minnesota Agri- 
cultural Experiment Station, University of Minnesota, St. Paul, 
Minnesota. A report of work done under contract with the United 
States Department of Agriculture and authorized by the Research 
and Marketing Act of 1946. This contract was supervised by the 
Northern Utilization Research and Development Division of the 
Agricultural Research Service. The mention of products of com- 
panies is not to be construed as an endorsement of the products or 
firms by the United States Department of Agriculture. Portions 
of this paper have been taken from a thesis submitted by 8S. Wada 
in partial fulfillment for a Ph.D. Degree in Agricultural Biochem- 
istry. 

t Present address, Eastern Utilization Research and Develop- 
ment Division, Washington 25, D. C. 

1The abbreviations used are: SBH, soybean hemagglutin; 
SBH(CP), chromatographically pure sample of SBH; DEAE,., di- 
ethylaminomethyl-; DNP-, dinitropheny]l-. 

2 In previous papers (1-6) this protein, SBH, had been referred 
to as “‘soyin.’’ It has been subsequently called to our attention 
that Laufer et al. (7) had previously used this name to designate 
a proteolytic enzyme in soybeans which does not seem to have been 
further characterized. To avoid further confusion, “‘soyin”’’ will 
no longer be used in referring to the hemagglutinating principle 
of soybeans. 

3 Nutrisoy XXX, manufactured by Archer, Daniels, Midland 
Co., Minneapolis, Minnesota. 


purification in the electrophoresis-convection apparatus‘ de- 
signed by Raymond (9). 

Hemagglutinating activity was determined according to 
the photometric method of Liener (10) and expressed in terms 
of hemagglutinating units as defined by him. 

Nitrogen was determined according to Lanni et al. (11) from 
which protein was calculated by multiplying by 6.25. 

Electrophoretic analyses were conducted in 0.1 m phosphate 
buffer, pH 6.8, at 4° in a standard Klett apparatus using a 2 
ml. micro-Tiselius cell. Field strengths ranged from 3.46 
te 3.90 volts/cm., and the duration of each run was 8300 seconds. 
Photographs were enlarged onto graph paper where the areas 
of the curves were measured with a planimeter. 

Sedimentation measurements were made with a Beckman 
model E Spinco ultracentrifuge. The temperature of the rotor 
was recorded at the beginning and end of each run and the average 
temperature was used in calculating the sedimentation constant 
according to Svedberg’s equation (12). 

For electrophoresis on starch, a solution of 25 mg. of SBH in 
0.5 ml. of 0.1 m acetate buffer, pH 4, was mixed with sufficient 
starch to give a slurry which was then applied to a block of 
starch (0.5 X 0.8 X 30 cm.) in an apparatus already described 
(13). A current of 300 volts was applied and the experiment was 
allowed to run for 10 hours at 4°. The block was cut into 0.5 
cm. segments, each of which was eluted with 1 ml. of 0.9 per 
cent NaCl and examined for protein (14) and hemagglutinating 
activity. 

SBH was examined chromatographically on a column (1.6 x 
39 cm.) of DEAE-cellulose prepared according to Peterson and 
Sober (15). The column was first equilibrated with 0.0052 m 
Na2B,O;-0.0044 m HCl, pH 8.7,u = 0.02. 100 mg. of SBH 
in 5 ml. of this buffer were applied to the top of the column and 
subjected to gradient elution in which the starting buffer, 
contained in a 250 ml. mixing chamber, was gradually replaced 
by 0.12 m Na2xCO; = 0.1 m NaCl contained in an upper reservoir 
flask. A volumetric siphon arrangement’ was used to collect 
3 ml. fractions at a flow rate of 12 ml./hour. Each tube was 
examined for protein (14) and hemagglutinating activity. 

Hydrolysates of SBH were analyzed for amino acids by chro- 
matography on Dowex-50 in essentially the same manner as 
described by Moore and Stein (16). Samples of SBH were 
hydrolyzed in constant boiling HCl at 110° in sealed, evacuated 


‘ Purchased from E-C Apparatus Co., 23 Haven Avenue, New 
York 32, New York. 

6’ Purchased from Rinco Instrument Co., 511 8S. Prairie Street, 
Greenville, Illinois. 
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tubes for various periods of time ranging from 24 to 96 hours in 
order to reveal the extent of destruction, or the increase in the 
extent of liberation, of amino acids during hydrolysis. Plots 
were made relating the amounts of each amino acid obtained 
to the time of hydrolysis. The plot of those amino acids which 
gave a negative slope were extrapolated to zero, and average 
values were taken for those which showed essentially no change 
with time of hydrolysis. Maximum values were taken for those 
amino acids which increased with time of hydrolysis. The 
amount of each amino acid was calculated by plotting the 
ninhydrin color value against the volume of eluate and then 
measuring the area under each peak with a planimeter. The 
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DraGraM 1. Schematic outline of the purification of SBH by 
electrophoresis-convection at pH 6.1. 


TaBLeE I 
Hemagglutinating activity and electrophoretic analysis of SBH 
fractions obtained by electrophoresis-convection procedure 
shown in Diagram 1 





























SBH content based on 
; Total . =P 
Fraction tein* Hemaggluting activityt 
ges Activitys | Electrophe 
mg. eat’ total H.U. % % 
A 4500 22.9 103 ,000 28 38 
B, 3200 13.1 42,000 38 32 
T; 1300 41.5 54,000 50 71 
B, 460 40.0 18,400 49 49 
B; 144 36.0 5,050 44 53 
T; 970 82.5 80,000 100 100 
*N X 6.25. 


1 H.U. = hemagglutinating units according to Liener (10). 
¢ Compared to Fraction T; which is assumed to be 100 per cent. 
§ Area of SBH peak divided by total area times 100. 
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mole concentration per unit area was determined from a run 
with a known amount of pure pt-alanine. To obtain the num- 
ber of moles of each amino acid, the area under each curve was 
multiplied by the factor “moles alanine per unit area” and by 
the appropriate ninhydrin color development factor (16). Mole 
values were then converted into grams of each amino acid per 
100 gm. SBH on a moisture-free basis. 

The reaction of SBH with dinitrofluorobenzene was carried 
out at pH 9, 40°, according to the procedure of Levy and Li (17). 
The DNP-protein was precipitated at pH 1 and hydrolyzed 
with constant boiling HCl at 105° for 8 to 12 hours. The DNP- 
amino acids contained in the ether-soluble extract of the hy- 
drolysate were separated by two-dimensional chromatography 
on paper (18). The aqueous extract was subjected to one- 
dimensional chromatography (19). A quantitative estimate 
of the DNP-amino acids was obtained by eluting the spots 
with 1 n NaOH and measuring the absorbance at 360 my (20). 
The molar concentrations of the DNP-amino acids were cal- 
culated from the molar extinction coefficients reported by Rao 
and Sober (21). The corrections for the destruction of DNP- 
amino acids during hydrolysis were determined by hydrolyzing 
the appropriate authentic DNP-amino acids (22) in the pres- 
ence of DNP-SBH. From the protein content of DNP-SBH, 
calculated from its amide content (23), 1 gm. of DNP-SBH 
was equivalent to 0.94 gm. of moisture-free SBH. 

A 1 per cent solution of SBH in 0.05 m phosphate buffer, pH 
8, was treated with carboxypeptidase® at a substrate-enzyme 
ratio (molar) of 100:1 at 37°. Aliquots of this solution were 
removed at periodic intervals and treated with Dowex-50 (H+) 
to adsorb free amino acids and to terminate the reaction. The 
resin was eluted with 5 n NH,OH, the ammonia removed in a 
vacuum desiccator, and the residue dissolved in 0.1 nN HCl. 
The amino acids contained therein were dinitrophenylated for 
quantitative estimation by the procedure described above. A 
control solution from which SBH had been omitted was run 
under identical conditions. 


RESULTS AND DISCUSSION 


Purification of SBH by Electrophoresis-Convection—Diagram 
1 outlines the general scheme of fractionation by electrophoresis- 
convection, and Table I records the activity and electrophoretic 
data which were obtained during the course of the fractionation. 
Starting with 100 ml. of a 5 per cent solution of Fraction A 
in phosphate buffer, pH 6.1, u = 0.07, electroconvection was 
carried on for 18 hours at 30 volts. A pH of 6.1 was selected to 
approximate the isoelectric point of SBH (4) so that this com- 
ponent would be immobilized and thus remain in the top com- 
partment of the apparatus. The electrophoretic data presented 
in Table I show that the top cut (T;) was composed of about 
70 per cent SBH, whereas the bottom cut (B;) contained only 
30 per cent of the active material. The bottom cut was recycled, 
and the top cut so obtained (T2) was combined with T;. The 
two combined top cuts were subjected to a third fractionation 
yielding a top cut (T3) which was electrophoretically homo- 
geneous and had the highest hemagglutinating activity on a 
per mg. N basis. By this procedure it was possible to obtain 
about 1 gm. of electrophoretically pure SBH (T;) from 5 gm. 
of Fraction A with an over-all recovery of about 80 per cent of 
the activity. 


6 Treated with diisopropylphosphorofluoridate. Purchased from 
Worthington Biochemical Corporation, Freehold, New Jersey. 
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Fig. 1. The sedimentation pattern of 1.5 per cent SBH in 0.2m 
NaCl as a function of time. Photographs from left to right were 
taken at intervals of 32 minutes. Bar angle: 60°. Temperatures: 
nitial, 22°; final, 23.4°. Maximum speed of rotor, 59,780 r.p.m. 
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In Fig. 1 are reproduced photographs of the sedimentation 
behavior of SBH in the ultracentrifuge. A single symmetrical 
peak was obtained during the entire course of the run. The 
sedimentation constant (Sx,.), calculated from the data pro- 
vided by this experiment and corrected to water at 20°, was 
6.15 X 10-" sec. This value agrees quite closely with the value 
of 6.20 x 10-" sec. obtained previously using a somewhat dif- 
ferent method of purification (4). 

The electrophoretic behavior of SBH on starch at pH 4 is 
shown in Fig. 2. The bulk of the activity was associated with 
a single symmetrical peak with no evidence of any significant 
amounts of inactive protein. 
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Fic. 2. Electrophoretic behavior of SBH on starch in 0.1 mM acetate buffer, pH 4. 
700 my of a 0.1 ml. aliquot of starch eluate with Folin’s reagent (14). 


Protein value is expressed as the absorbance at 
Hemagglutinating activity is expressed as hemagglutinating 


units per ml. of starch eluate and is shown as the shaded portion of the curve. 


Electrophoretic examination of separate T; fractions oc- 
casionally revealed as much as 5 per cent of a slow moving im- 
purity. This contaminant could be removed by dialyzing T; 
against phosphate buffer, pH 7, » = 0.1, and subjecting the 
dialyzed protein to electroconvection for 12 hours in the same 
buffer solution. Under these conditions, the bulk of the active 
protein migrated to the bottom compartment. Final treat- 
ment of the latter with a small amount of bentonite (1 gm. per 
100 ml. solution) removed any remaining traces of protein im- 
purity. After removal of the bentonite by centrifugation, 
the supernatant solution was dialyzed free of salt and lyophilized. 
This material constituted the preparation, designated as SBH, 
which was used for most of the studies to be described. 

Evidence for Homogeneity—Before any amino acid composi- 
tion or end group studies were undertaken, it was deemed es- 
sential to establish the homogeneity of the SBH preparation 
by several criteria. This was done by the techniques of ul- 
tracentrifugal analysis, electrophoresis on starch, and ion ex- 
change chromatography. 


As shown in Fig. 3, only one major component containing 
hemagglutinating activity was obtained when SBH was sub- 
jected to gradient elution on DEAE-cellulose. Tubes 67 to 85 
containing the bulk of the active protein were pooled, dialyzed, 
and lyophilized. This material was used in some of the studies 
to be reported below and will be designated as SBH(CP). 

Amino Acid Composition—In Table II are recorded the amino 
acid data obtained by ion exchange chromatography. Since 
cystine was present in the least amount, the molar ratio of each 
amino acid was related to cystine which was assumed to be 1. 
From these molar ratios, the calculated minimum molecular 
weight of SBH appears to be close to 16,000. Since previous 
studies (4) had indicated a molecular weight between the limits 
of 89,000 (based on sedimentation and diffusion measurements) 
and 100,000 (based on light-scattering measurements), it would 
seem reasonable to assume that this minimum molecular weight 
must be about one-sixth of the true molecular weight of SBH. 
Accordingly, the molar ratios were multiplied by 6 to give the 
assumed number of each amino acid residue in the molecule. 
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Fic. 3. Chromatographic behavior of SBH on DEAE-cellulose. 
see legend to Fig. 2. 


The essentially quantitative weight and nitrogen recoveries 
of 98.3 and 95.0 per cent, respectively, would indicate the ab- 
sence of any significant amounts of unidentified constituents. 

The most striking feature of the amino acid composition of SBH 
is the high content of what appears to be glucosamine (10 per 
cent by weight).? In view of this unique feature, confirmatory 
evidence for the presence of glucosamine was sought. Hy- 
drolysates of SBH and SBH(CP), analyzed for glucosamine by 
the method of Anastassiadis and Common (25), were found to 
contain 5.87 and 5.89 per cent of glucosamine, respectively. 
Further evidence for the presence of glucosamine was based on 
its reaction with ninhydrin to give arabinose (26). A portion 
of the SBH hydrolysate was treated with ninhydrin according 
to the procedure of Ruelius and Girard (27). A single spot 
which reduced silver nitrate was obtained when the reaction 
mixture was chromatographed on paper with a solvent system of 
n-butanol, acetic acid, and water (4:1:5). The Rp of this spot 
was identical to that obtained with arabinose. 

End Group Analysis—In Table III are presented data relating 
to the quantitative estimation of the DNP-amino acids derived 
from SBH. Two alanine residues per mole of protein were 
obtained either with SBH or the chromatographically purified 
preparation. Although appreciable, but less than stoichiometric, 
amounts of aspartic acid, glutamic acid, and valine were obtained 
with SBH, these amino acids were considerably reduced in the 
chromatographically purified material, and therefore probably 
originate from contaminating peptides. The value of 20 lysine 
residues per mole of SBH was in excellent agreement with the 
finding of 21 lysine residues by ion exchange chromatography 
(Table IT). 


7 Gladyshev (28) has recently reported the presence of hexos- 
amine in hydrolysates of soybean protein. 


For further description of protein and hemagglutinating activity, 


Table IV shows the rate at which amino acids were released 
when chromatographically purified SBH was treated with car- 
boxypeptidase. These data do not permit a definite conclusion 
regarding the amino acid or acids which were most rapidly 
released, and hence most likely constitute the C-terminal 
residues. The nearly stoichiometric release of 1 mole of serine 
at the end of 48 hours, however, would suggest that this amino 
acid is probably C-terminal. Other possible C-terminal groups, 
or at least proximal to the C-terminus, are aspartic acid, glutamic 
acid, and alanine. Prior treatment of SBH(CP) with Dowex-50 
to remove possible contaminating peptides did not alter signif- 
icantly the pattern of release of amino acids shown here. When 
unchromatographed SBH was treated with carboxypeptidase, 
the pattern of amino acid liberation was even more complicated. 
This would have been expected since dinitrophenylation had 
shown the presence of appreciable amounts of contaminating 
impurities. 

These results illustrate the difficulty of attempting to assign 
C-terminal positions when carboxypeptidase acts on a protein 
which is not a single peptide chain. Not only may the secondary 
structure of the protein affect the vulnerability of C-terminal 
amino acids to carboxypeptidase (29), but also the rates at 
which amino acids, further removed from one C-terminus, 
are sequentially released may be indistinguishable from the 
release of the C-terminal groups of other peptide chains. In 
this instance, the N-terminal data indicate the presence of at 
least two peptide chains, and, barring any unusual structure, 
more than one C-terminal residue would be expected. Un- 
fortunately, chemical techniques involving the use of hydrazine 
(30) or ammonium thiocyanate (31) for the determination of 
C-terminal groups could not be successfully applied to SBH, 
so that the precise identification of the C-termini remains in 
doubt. 
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TaBLeE II 
Amino acid composition of SBH 
SBH (gm. per 100 gm.) | 
|Calculated number] 
tae ee en oe Average or extra- aceatinene ‘minimum mol. wt (mol gy total NE 
am = 2 = polated value* 
| 
Aspartic acid. ........ 12.8 | 10.7 | 8.9 6.9 14.7 (Eo) 17.8 | 16,100 106 11.2 
Threonine.............| 4.5 | 4.4 | 3.3 | 2.9 5.6 (Eo) 7.6 | 16,150 | 45 4.8 
ee 4.0 | 3.2 | 2.0 1.5 4.8 (Eo) 7.4 | 16,300 44 4.6 
Glutamic acid.........| 7.2 | 6.3 | 5.8 5.3 7.8 (Eo) 8.5 | 16,050 51 5.4 
eee eee 3.9 4.1 4.2 4.0 4.1 (A) 5.8 | 16,300 35 3.6 
Diss ce iachacdi 3.1 2.8 | 3.2 2.9 3.1 (A) 6.7 | 16,200 40 4.2 
PEE Tee 5.3 | 4.9 | 4.6 4.4 5.4 (Eo) 9.6 | 16,150 | 57 6.1 
ES Se | 627° Oi ae 5.3 | 5.3 (A) a= . ia 43 4.5 
Methionine. .......... | 0.8 | 0.7 | 0.4 0 1.3 (Eo) 1.4 | 16, 100 8 0.9 
Isoleucine............. | 5.8 | 5.0 | 4.7 4.2 6.2 (Eo) 7.6 16,100 45 4.8 
DIR no 5 coo duce x 23 i we 3.6 3.5 3.5 (Em) 4.4 | 16,000 26 2.8 
2 SRS | 2.4 | “2.8 "}- a6 0.8 2.8 (Eo) 2.5 16, 200 15 1.6 
Phenylalanine........ ; 58 | 6s | 5.4 5.3 5.7 (Eo) 5.6 16, 200 33 3.5 
Histidine. ............ | 2.2 2.0 | 2.3 2.2(A) | 23 | 16,250 | 14 4.4 
is cams | 29 | 27 | 2.4 s3@0 | 3986 OP ae oe 
Ammonia............. | 0.6 | 0.4 | 9.5 0.5 (A) 4.8 | 16,300 | an 3.0 
A stoic) SE} £2 5.8 5.7 (A) 5.3 | 16,200 32 13.3 
Tryptophan|.......... | | 4.7 3.7 16,100 22 4.7 
TS Pre | | 1.5 1.0 | 16,000 6 1.3 
Glucosamine........:| 8.0 | 5.9 | 5.5 4.5 10.2 (Eo) 9.2 | 16,200 55 5.8 
| | 
EDI | | 98.3 | | 726 | 95.0 








* Figures in parentheses indicate average value (A), value extrapolated to zero time (Eo) or maximum extrapolated value (Em). 


+ Cystine taken as 1.0. 


¢ Based on the N content of SBH which was 13.76 per cent (moisture-free). 


§ Omitted from the total. 


|| Determined on a sample of unhydrolyzed SBH by the method of Spies and Chambers (24). 
** Based on the difference between sulfur content of SBH (0.72 per cent, analysis performed by Huffman Microanalytical Labora- 


tories, Wheatridge, Colo.) and the sulfur contributed by methionine. 


lished (5). 


Taste III 
The N-terminal amino acid residues of SBH (moles per mole SBH*) 

















The absence of free -SH groups in SBH has already been estab- 


TaBLe IV 
Amino acids released from SBH(CP) by carborypeptidase 














| atbeetinanine l ie amr = Figures in table are moles of amino acid per mole of protein 
| ° Os oe = (mol. wt. = 96,000) 

Ether-soluble fraction: Incubation time (hrs.) 
MI 5 ons Kabedcades ese 1.95 2.02 Amino acid ——_—_——— as . 
| RE PONE 59 55850 bcs 08 ccs 0.21 0.08 2 | «4 36 48 

Gihutamic acid. ............. 0.26 0.06 Tara fo oe Tk a Vee ‘pregame 7 we 
A ei gis ion cs | 0.09 0.05 onan et | 0.36 | 0.58 | 0.74 | 0.90 
Water-soluble fraction: reer ae ee 0.38 0.49 
(e-DNP)-lysine..... | 20.0 | Aspartic acid............. . ‘| 0.23 | 0.35 | 0.38 0.42 
: ésieealie oe Se See 0.23 | 0.36 | 0.39 | 0.47 
* Based on a molecular weight of 96,000. Leucine + isoleucine*.......| 0.19 0.23 0.37 0.28 
+ DNP-alanine and e-DNP-lysine have been corrected for ob- Threonine..................| 0.08 0.10 | 0.16 | 0.24 
served losses of 21 and 5 per cent, respectively, during hydrolysis. Valine.....................5. 0.09 0.09 0.17 0.18 





Other DNP-amino acids have not been corrected. 
t 12 hour hydrolysis period at 110°. 
§ 8 hour hydrolysis period at 110°. 


SUMMARY 


The large scale purification of the soybean hemagglutinin by 
electrophoresis-convection has been described. This protein 
appeared to be essentially homogeneous by the following criteria: 
(a) moving-boundary electrophoresis, (6) sedimentation in 


e20eh4 





* These two amino acids could not be resolved by the chromato- 
graphic technique used (18, 20). 


the ultracentrifuge, (c) electrophoresis on starch, and (d) ion 
exchange chromatography. Its amino acid composition has 
been established and is in accordance with a molecular weight 
of 96,000. A unique feature of its composition is the high glu- 
cosamine content (6 to 10 per cent). Soybean hemagglutinin 
appears to be composed of at least two peptide chains with 
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N-terminal alanine residues. The C-terminal residues could 
not be established with certainty although the evidence would 
suggest that serine constitutes one of the C-termini. 
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Inactivation Studies on the Soybean Hemagglutinin* 


Irvin E. LiIENER 


From the Department of Agricultural Biochemistry, University of Minnesota, St. Paul, Minnesota 


(Received for publication, March 10, 1958) 


Previous studies from this laboratory have described some of 
the physical (1), chemical (2, 3), and immunological (4) proper- 
ties of the soybean hemagglutinin (SBH)' which is responsible 
in part for the poor nutritive value of unheated soybean meal 
(5). Since the destruction of this protein has obvious practical 
implications in the field of animal nutrition, a comprehensive 
study has been made of some of the physicochemical and biologi- 
cal factors which lead to the inactivation of SBH. 


EXPERIMENTAL 


The SBH used in these studies was a preparation which had 
been purified by electrophoresis-convection and had been shown 
to be essentially homogeneous by moving boundary electro- 
phoresis, sedimentation, electrophoresis on starch, and chro- 
matography on an anion exchange absorbent (3). 

After exposure to the inactivating agent, the sample was 
appropriately diluted with 0.9 per cent NaCl and assayed for 
hemagglutinating activity according to the procedure of Liener 
(6). 

In the thermal inactivation studies, 1 ml. of a solution con- 
taining 0.25 per cent SBH in 0.9 per cent NaCl was added to 
4 ml. of 0.1 m buffer solution of varying pH values ranging from 
4 to 9.5.2 The buffer solutions were equilibrated before use for 
at least 15 minutes at the prescribed temperature in a heated 
water bath in which the temperature was thermostatically 
controlled to +0.02°. Samples were removed at various inter- 
vals of time and diluted 250 times before they were assayed for 
activity. During the time lapse between removal of the sample 
from the bath and the assay, usually less than an hour, samples 
were immersed in cracked ice. The per cent activity remaining 
was calculated with reference to a sample of buffered SBH solu- 
tion prepared under identical conditions except that direct im- 
mersion in cracked ice replaced the heat treatment. 

Exposure to urea or guanidine was conducted by adding 1 ml. 
of 0.05 per cent SBH solution in 0.9 per cent NaCl to 9 ml. of 


* Paper No. 3907, Scientific Journal Series, Minnesota Agri- 
cultural Experiment Station, University of Minnesota, St. Paul, 
Minnesota. A report of work done under contract with the United 
States Department of Agriculture and authorized by the Research 
and Marketing Act of 1946. This contract was supervised by the 
Northern Utilization Research and Development Division of the 
Agricultural Research Service. The mention of products of com- 
panies is not to be construed as an endorsement of the products or 
firms by the United States Department of Agriculture. 

1The abbreviations used are: SBH, soybean hemagglutinin; 
DBS, sodium decylbenzene sulfonate. 

2 In the pH range of 4 to 7, 0.1 m solutions of the citric acid- 
phosphate buffers of McIlvaine (7) or the acetate buffers of Green 
(8) were employed. Borate buffers with pH values in excess of 
7.0 were prepared according to Kolthoff and Laitinen (9). 


urea or guanidine hydrochloride solutions of different concen- 
trations which had been adjusted to pH 7.6. After a period of 
45 minutes at room temperature, an aliquot of the solution was 
diluted 10-fold and assayed for activity. Appropriate controls, 
with urea or guanidine hydrochloride in the absence of SBH, 
showed that these substances, when diluted as described prior 
to the assay, had no effect on the red blood cells used in the 
assay method. 

A synthetic anionic detergent, DBS, was selected to test the 
effect of a surface active agent on SBH. DBS* was synthesized 
from benzene and decanoic acid (Eastman grade) by the pro- 
cedure of Paquette et al. (10). To 1 ml. of 0.05 per cent SBH 
prepared in water or 0.9 per cent NaCl was added an equal vol- 
ume of DBS in concentrations ranging from 0.001 m to 0.005 m. 
The SBH-detergent solutions were kept at 37° for 20 minutes, 
and assays were then conducted on a 50-fold dilution. At this 
dilution, the concentration of the detergent was reduced to the 
point where the characteristic hemolytic effect of detergents on 
erythrocytes was not observed. The critical micelle concentra- 
tion of DBS was determined according to the method of Corrin 
and Harkins (11) with bromothymol blue as the indicator. The 
concentration of detergent required for half of the maximum 
color transformation was selected as the critical micelle concen- 
tration. 

The effect of metallic ions was studied by mixing 1 ml. of 
0.2 per cent SBH prepared in 0.9 per cent NaCl with 9 ml. of 
0.01 m solution of various metallic salts (C.P. grade). After 
exposure at room temperature for 1 hour, activity was deter- 
mined on a 100-fold dilution. Control experiments containing 
only the metal salt were run concurrently to ascertain the effect 
of each metal on the red blood cells in the assay procedure.‘ 
With the final dilution specified here, none of the salts tested 
exerted any discernible effect on the red blood cells. No attempt 
was made to control the type of anion in the salts employed since 
preliminary experiments had shown that the activity of SBH 
was not affected by the nature of the anion. 

SBH was treated with pepsin or trypsin as typical proteolytic 
enzymes. Since trypsin was not capable of digesting the pro- 
tein, only the experiment involving pepsin will be described. 
To 25 ml. of 1 per cent SBH solution, adjusted to pH 2 with dilute 
HCl, was added 10 mg. of pepsin (1:10,000, Nutritional Bio- 
chemicals), and the mixture was incubated at 37°. At various 
intervals of time, aliquots of the digest were treated with an 
equal volume of 0.1 m NasHPO.-NaOH buffer, pH 11.5. In 
this manner, the final pH was raised to 7.4 at which further 


3 Generously provided by Dr. D. R. Briggs of this Department. 
‘These controls are particularly important since it has been 
known for some time that certain metallic ions, particularly cop- 
per, are effective hemagglutinating or hemolytic agents (12-15). 
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peptic action was negligible. 
were then assayed for activity. SBH in the absence of pepsin, 
but otherwise under identical conditions, served to provide 
suitable corrections for losses in activity not attributable to 
peptic activity. 

In conjunction with the above experiment with pepsin, the 
free amino groups of the digest during the course of the digestion 
were determined by reaction with ninhydrin (16). Calculation 
of the moles of amino groups per mole of protein was based on 
a molecular weight of SBH of 96,000 (3). 


Appropriately diluted samples 


RESULTS 


The manner in which SBH was inactivated by heat at various 
pH values is illustrated by the family of curves shown in Fig. 1. 
Inactivation was found to follow first order kinetics as evidenced 
by the straight line which was obtained when the logarithm of 
the per cent of the activity remaining, under any given set of 
conditions, was plotted against time. From the slopes of these 
curves, it was possible to calculate the first order rate constants. 
Fig. 2 shows a plot of the inactivation rate constants against 
pH at three different temperatures. Maximum stability of 
SBH against heat may be noted in the range of pH 6 to 7 with 
increased sensitivity towards heat on both sides of this region. 
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Fic. 1. Typical heat-inactivation curves demonstrating first 
order kinetics. Curve I: 60°, pH 6; Curve IJ: 60°, pH 8.5; Curve 
IIT: 50°, pH 9.5; Curve IV: 50°, pH 4; Curve V: 60°, pH 7.3; Curve 
VI: 60°, pH 8; Curve VII: 60°, pH 4; Curve VIII: 69°, pH 7; Curve 
IX: 68°, pH 5. 
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Fic. 2. A plot of the logarithm of the first order reaction rate 
constant, K, against pH at temperatures of 60°, 65°, and 68°. 


Applying the Arrhenius equation, 


log k = + constant 


—AE 
2.3RT 
where k is the reaction rate constant, AF is the energy of acti- 
vation, R is the gas constant, and T is the absolute temperature, 
a plot was made of log k against 1/7 as shown in Fig. 3. The 
slope of these curves, from which AE may be calculated (see 
“Discussion”), was essentially the same at pH values of 5, 7, 
and 8.5. 

Fig. 4 serves to compare the inactivation of SBH by urea 
and guanidine hydrochloride. It is evident that SBH was quite 
resistant to the denaturing action which urea is known to exert 
on most proteins; only at a concentration of 8.3 M was appreciable 
activity lost. Guanidine hydrochloride, on the other hand, 
proved to be a much more effective denaturant; 50 and 100 per 
cent inactivation was obtained at concentrations of 3 and 6 Mm, 
respectively. Since the SBH-urea or guanidine systems were 
considerably diluted before assay, it is possible that some re- 
versible denaturation may have occurred which would not be 
apparent from the data presented here. 

In Fig. 5 are recorded the data which show the effect of an 
anionic detergent, DBS, on the activity of SBH. It is evident 
that the treatment of SBH with detergent in the presence of 
salt (final concentration, 0.45 per cent NaCl) presents quite a 
different picture from the inactivation noted in water alone. 
Although salt appears to enhance the inactivating effect of DBS, 
increasing the detergent concentration to 0.002 m or beyond, 
in the presence of salt, caused a progressive decrease in this 
inhibitory effect. Whether a similar anomaly would have been 


observed at higher concentrations of DBS, in the absence of 
salt, could not be determined since hemolysis of the red blood 
cells occurred under these conditions. 

The data relating to the effect of metal ions on the activity 
The quadrivalent cation of 


of SBH are recorded in Table I. 
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Fic. 3. Arrhenius plot of the logarithm of the first order reac- 
tion rate constant, K, against the reciprocal of the absolute tem- 
perature, 1/7’, at pH values of 5, 7, and 8.5. 
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MOLAR CONCENTRATION 
Fic. 4. Effect of urea and guanidine on the activity of SBH 


thorium and the trivalent cations of aluminum and iron were 
the most effective inhibitors of SBH, causing complete inactiva- 
tion under the test conditions. The results obtained with the 
divalent cations were quite variable, ranging from almost com- 
plete inactivation by lead to essentially no effect by calcium, 
manganese, barium, and magnesium. The other divalent 
cations displayed intermediate degrees of inactivation. Of the 

















Effect of metallic cations on the hemagglutinating activity of SBH 


Concentration of salts in all cases was 0.01 m. Exposure time 
1 hour at room temperature. 
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two univalent cations tested, silver and lithium, only the former 
exerted any degree of inhibition. 

In Fig. 6 are presented curves which show the effect of peptic 
digestion on the activity and proteolytic degradation of SBH. 
The inactivation of SBH roughly paralleled the increase in 
amino groups that presumably arose from the cleavage of pep- 
tide bonds. Almost complete inactivation was obtained when 
approximately 90 peptide bonds had been split. This cor- 
responds to about 12 per cent of the total number of peptide 
bonds present in the SBH molecule (3). 
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Fic. 6. The digestion of SBH by pepsin. Activity, @——®@; 

release of amino groups, O——O. Values for activity have been 

corrected for slight inactivation observed in the absence of pepsin 
under the same conditions. 


DISCUSSION 


From the slopes of the curves obtained from the Arrhenius 
plot in Fig. 3, AZ was calculated for each pH, and values of 74.5, 
69.5, and 76 kilocalories were obtained for pH 5, 7, and 8.5, 
respectively. Using an average value for AE of 73.3 kilocalories, 
the following thermodynamic values were calculated from equa- 
tions derived from the absolute reaction rate theory (17): 


AH* (heat of activation) = E — RT 
= 72.7 kilocalories (at 60°) 
AF* (free energy of activation) 
= 4.58 T' (10.318 + log 7 — log k) 
= 25.1 kilocalories (at 60°, pH 7) 
AS* (entropy of activation) = (AH* — AF*)/T 
= 143 calories/°C. (at 60°, pH 7) 


It may be of interest to compare these thermodynamic con- 
stants with those determined for ricin, the toxic protein from 
castor bean which likewise acts as a hemagglutinin. Levy and 
Benaglia (18) have made an extensive study of the influence of 
temperature and pH on the denaturation (based on changes in 
solubility) of crystalline ricin. Although their thermodynamic 
constants varied with pH in a rather complex fashion, the fol- 
lowing average values may be calculated from their data: 


AH* = 68.8 kilocalories (range 30 to 89.3) 
AF* = 35.4 kilocalories (range 11.7 to 75.4) 
AS* = 98.6 calories/°C. (range 32.6 to 173) 


It is apparent that the thermodynamic values of SBH which 
are reported here and those of ricin are of the same order of 
magnitude. Whether this similarity is merely coincidental or is 
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actually related to the biological properties which these two 
proteins have in common must remain a matter for conjecture 
at the present time. 

The peculiar effect of DBS in causing a reappearance of the 
activity of SBH beyond a certain critical concentration (Fig. 5) 
is deserving of comment. It is well known that when the con- 
centration of some detergents exceeds a certain value, designated 
as the critical micelle concentration, they aggregate into micelles. 
A number of studies on the effect of surface active agents on 
enzymes have shown that inhibition or activation, as the case 
may be, becomes apparent when the concentration of the de- 
tergent exceeds the critical micelle concentration (19-21). The 
critical micelle concentration of DBS in the presence and absence 
of salt (0.45 per cent NaCl) was found to be 1.75 x 10-* m and 
2.75 X 10-*M, respectively. This lowering of the critical micelle 
concentration of DBS in the presence of an electrolyte is in 
accord with similar observations on other synthetic detergents 
made by Corrin and Harkins (22). A consideration of the critical 
micelle concentration of DBS in saline solution in relation to the 
curves shown in Fig. 5 would suggest that DBS in excess of the 
critical micelle concentration is no longer capable of inactivating 
SBH. Since it has been previously reported that the free amino 
groups of SBH are essential for hemagglutinating activity (2), 
the inhibition of SBH by concentrations of DBS below the critical 
micelle concentration could involve the electrostatic interaction 
of the decylbenzoate anion with essential cationic sites of the 
protein. The present data, however, do not afford any explana- 
tion for the disappearance of this inhibitory effect in the presence 
of the micellar form of the detergent. 

The reason for the nonspecific inhibition of SBH by certain 
metallic ions is not readily apparent. Since precipitation of the 
protein was not observed with any of the salts at the concentra- 
tion employed here (0.01 m), denaturation of the protein does 
not seem likely. It can only be surmised that the binding of the 
metal to some site essential to the hemagglutinating activity of 
SBH is involved. 


SUMMARY 


The heat inactivation of the soybean hemagglutinin (SBH) 
at different pH values followed first order kinetics. Maximum 
stability towards thermal inactivation was obtained in the region 
of pH 6 to 7. From the data obtained it was possible to calcu- 
late the following thermodynamic constants: AE, 73.3 kilo- 
calories; AH*, 72.7 kilocalories (at 60°); AF*, 25.1 kilocalories 
(at 60°, pH 7); and AS*, 143 calories/°C. (at 60°, pH 7). 

SBH was readily inactivated by guanidine and to a lesser 
extent by urea. Sodium decylbenzenesulfonate inactivated 
SBH at levels which were below its critical micelle concentra- 
tion. 

Quadrivalent and trivalent metallic ions markedly inhibited 
SBH, whereas considerable variation in inhibition was encoun- 
tered with divalent and univalent cations. 

SBH was readily inactivated by pepsin; complete inactivation 
was obtained when as few as 12 per cent of the total number of 
peptide bonds were split. SBH was resistant to the action of 
trypsin. 
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The insolubility of algal proteins has made their separation and 
purification difficult so that, at present, only crude products have 
been studied (1-5). Phycocyanin and phycoerythrin from Cera- 
mium rubrum and other species of red algae, are exceptions. A 
few simple peptides have been detected in several species of 
marine algae (6, 7). In Fucus vesiculosus, free amino acids ac- 
counted for 10 per cent of the total nitrogen, simple peptides for 
7 to 8 per cent, and volatile bases for 2 to 3 per cent (8). The 
nitrogenous compounds in algae include proteins at 60 to 70 per 
cent, and other forms, such as free amino acids, peptides, organic 
bases, etc., at 10 to 33 per cent (9). 

Combined citrulline and ornithine have been detected in the 
red alga, Chondrus crispus (9). This unusual finding deserved 
further investigation. Attempts to fractionate the amino acids, 
peptides, and proteins of Chondrus are described in this report. 
Ornithine and citrulline have been established as occurring both 
in the free state and in simple and complex peptides but not in 
the insoluble protein. This protein is now shown to have a dis- 
tribution of amino acids very similar to that in other algae. 


EXPERIMENTAL 


Specimens of C. crispus were collected in bulk locally, in March 
or April, dried in a current of air at 30° in about 3 hours, crushed, 
and passed through a Wiley mill and screen of 100 mesh. This 
material had a moisture content of about 10 per cent and was 
preserved in this form. The extraction of nitrogenous material 
from this preparation was followed by the micro-Kjeldahl pro- 
cedure or by the quantitative biuret reaction (10) on aliquots 
clarified when necessary by centrifuging at 18,000 r.p.m. for a 
few minutes in the multispeed attachment of the refrigerated 
International centrifuge. Dialysis was carried out in cellophane 
tubing at 4° with mechanical stirring of the internal fluid. 


Procedure I 


A portion of the powdered plant was suspended in a solution of 
0.1 per cent sodium borate in 10 per cent sodium chloride, pH 
8.4, and extracted for several hours with occasional mixing in a 
Servall Omni-Mixer at 4°. The insoluble residue was separated 
by centrifugation and the extraction was repeated with fresh 
buffer until only a trace of nitrogen was obtained in the solvent. 
The Potter-Elvehjem homogenizer was found to be of no use in 
this extraction because of the leather-like character of the parti- 
cles. The first extract usually contained about 50 per cent of 
the total nitrogen in the powder, the second 15 per cent, and the 
remainder 5 per cent or less. 


* Issued as a publication of the National Research Council. 


The combined saline borate extracts were stirred mechanically 
at 4°, and an equal volume of an anhydrous mixture of ethanol- 
ether (4:1) was added slowly. <A gelatinous precipitate of car- 
rageenin formed and was removed by centrifugation after 1 hour. 
It carried down 10 to 16 per cent of the soluble nitrogen. 

The supernatant fluid was distilled in vacuo at 35° to the ap- 
pearance of solid sodium chloride. The concentrate was ad- 
justed to pH 5.1 and a small precipitate was removed. The 
filtrate was dialyzed until free from chloride. The percentage of 
dialyzable nitrogen was 75 to 96 of that in solution. 

Nondiffusable Portion of Saline-Borate Extract—The fluid in the 
dialyzer was divided into two portions. One was made half 
saturated with ammonium sulfate at pH 4.8 without any pre- 


cipitation. The concentration was raised to full saturation and a 
flocculent precipitate formed. It was recovered by centrifuga- 
tion. 


Another portion was concentrated in vacuo to a small volume, 
clarified by centrifuging at 13,000 r.p.m., and examined in the 
ultracentrifuge and by paper chromatography. This nondia- 
lyzable, soluble fraction showed polydispersity and slow sedi- 
mentation in the ultracentrifuge. This suggested the presence 
of peptides. Five spots appeared in one-dimensional paper 
chromatograms with Whatman No. 4 paper, butanol-acetic acid 
as solvent (11), and a ninhydrin reagent as spray (12). Two 
faint spots with higher Ry values were seen on chromatograms 
with maximal loading. On two-dimensional chromatograms 
with butanol-acetic acid as developing solvent in both directions, 
six to eight spots in the lower Ry range and one or two spots in 
the higher Ry range appeared. After hydrolysis with hydrochlo- 
ric acid at 105° and removal of the acid by evaporation in 
vacuo, the residue was chromatographed in twe dimensions 
with 80 per cent phenol in an atmosphere of 0.3 per cent ammonia 
and with butanol-acetic acid. The acid hydrolysate contained 
citrulline, ornithine and all of the amino acids previously 
encountered in combined form in Chondrus. In addition, there 
was an unknown faint spot near serine. 

Insoluble Residue—The residue after extraction with borate 
buffer contained 40 per cent protein (protein N xX 6.25). After 
repeated extraction with boiling water to remove residual x-car- 
rageenin, the insoluble material was recovered in the centrifuge 
at 2000 r.p.m. The gelatinous green residue was suspended in a 
mixture of absolute ethanol and ether (4:1) and stirred mechani- 
cally overnight. It was centrifuged, treated repeatedly with ab- 
solute acetone, and finally dried in vacuo to constant weight. This 
material contained 8.57 per cent of nitrogen, equivalent to 53.5 
per cent of protein. 

The distribution of nitrogen in these extracts is shown in Table 
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TaBLe I 
Distribution of nitrogen in fractionation of Chondrus (Procedure I) 














Fraction Nitrogen 

mg. % 

Dry plant powder (6.7 gm.)................... 344 100 

Soluble in borate buffer, pH 8.4............... (267)* | (78) 
Precipitated with carrageenin by ethanol...| 31 9.0 
Insoluble in NaCl (saturated), pH 5.1....... 91 5.6 
ee ates cts v eoall et andes bates hos 198 57.5 
Insoluble in (NH,)2SO, (saturated), pH 4.8. . . 9 2.6 
Extracted by hot water..................... 16 4.7 
I ey ee ee pe 53 | 15.4 
ee ee es en eae 326 | 94.8 











* Figures in parentheses are not included in totals. 


I and the content of amino acids in the insoluble residue is shown 
in Table II as Residue 1. 


Procedure II 


The same initial treatment was used on a fresh collection of 
Chondrus. 10 gm. of the powder were extracted with 75 per cent 
ethanol for 24 hours at 4° in a Burrell Wrist-Action shaker. A 
green solution was obtained by centrifuging at 1500 r.p.m. at 0°. 
The extraction was repeated with fresh solvent. 

The green alcoholic extract was concentrated in vacuo at 40° 
to incipient precipitation, clarified by adding a little ethanol, and 
extracted with ether which removed the green pigment. The 
ethereal extract contained a negligible amount of nitrogen. The 
slightly yellowish aqueous solution was dialyzed against water 
for 24 hours, and 72 per cent of the nitrogen passed through the 
membrane. The fluid in the dialyzer was concentrated in vacuo 
at 40° almost to dryness. It was diluted with water to 10 ml., 
clarified by centrifugation at 15,000 r.p.m., and examined chro- 
matographically. The results were similar to those obtained 
with the nondialyzable portion from the saline-borate extraction 
described above under Procedure I. 

The insoluble material was extracted successively with four 
lots of borate buffer at 0° with continuous mechanical stirring. 
The combined extracts were dialyzed against distilled water un- 
til free from chloride; 77 per cent of the nitrogen in solution was 
dialyzable. The distribution to this point is shown in Table III. 
To the fluid in the dialyzer was added an equal volume of the 
ethanol-ether mixture without any precipitation of carrageenin. 
The organic solvents were removed by distillation in vacuo at 
40°. The aqueous solution was acidified with dilute hydrochloric 
acid to pH 2.5, diluted to 1500 ml. and treated with a 1 per cent 
solution of cetyl-trimethyl-ammonium bromide in an attempt to 
remove carrageenin by the method of Scott (13). Only a small, 
flocculent precipitate was obtained and this was discarded. The 
excess of quaternary salt was removed by adding 1 per cent po- 
tassium iodide until no further precipitate formed. The crystal- 
line precipitate was removed by centrifugation. The supernatant 
fluid was made alkaline to pH 8.7 and repeatedly extracted with 
chloroform. The aqueous layer was concentrated in vacuo at 40° 
to small volume, made to 25 ml. with water, clarified in the cen- 
trifuge at 15,000 r.p.m., and examined chromatographically; the 
results were similar to those for the nondialyzable ethanolic ex- 
tract. 

The distribution of amino acids in the insoluble residue at this 
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TABLE II 


Distribution of amino acids in insoluble residues of extraction of 
Chondrus (amino acid N as percentage of total N in hydrolysate) 



































; Insoluble residuet insoluble 
pmino acd |W ore idiot 
1 2-A | 2-B | 2-C by 

pa ee ae 3.8 | 7.5 | 7.0|6.8| 7.2} 2.0 7.7 
Arginine. ......... 33.6 \16.9 16.8 |14.4 |17.4 | 0.5 15.8 
Aspartic acid.....| 3.8 | 7.1 | 6.8 | 7.3 | 6.6 1.9 6.4 
Citrulline......... 5.8 | 0 0 0 0 0 
Cystine........... 0.2 
Glutamic acid.....| 4.1 | 5.9 | 6.0 | 5.6 | 6.2 1.4 7.8 
ee 3.5 | 6.1 | 5.7 | 5.8 | 6.2 1.7 6.2 
Histidine. ........ 0.9 | 2.9 | 2.8 0.6} 3.2 3.3 
Isoleucine......... 1.8 | 3.5 | 3.3 | 3.4 | 3.5 1.9 3.5 
See 2.9 | 5.8 | 5.5 | 5.3 | 5.8 2.0 6.1 
ME. 3. SRS 4.9 | 8.4 | 6.7 | 7.6 | 7.8 1.7 10.2 
Methionine. ...... 0.5 | 1.0 | 0.9 | 0.5 | 0.6 2.0 1.4 
Ornithine. ........ 7.1) 0 0 0 0 0 
Phenylalanine.....| 1.5 | 3.1 | 3.0 | 3.2 | 3.1 2.1 2.8 
ee 1.9 | 4.0 | 4.2 | 4.1 | 4.5 2.1 5.8 
PIN ios ceecss 2.2 | 4.1 | 4.2 | 3.9 | 4.1 1.9 3.3 
Threonine......... 2.2 | 4.1 | 4.1 | 4.1 | 4.3 1.9 2.9 
TYSON... «000: 1.0} 2.3|2.3)1.4|2.1| 2.4 2.8 
TR 6. 4 0k ae tiie 2.7 | 5.0 | 5.1 | 4.8 | 5.2 1.9 5.5 
Amide N.......... 10.1 | 9.4 |12.3 [14.4 11.9) 1 6.1 
at 94.3 |97.4 |96.7 |92.6 |97.1 | 97.8 
Total N§..........| 3.42) 8.57| 8.12) 7.37) 4.16) 11.5 
Protein (N X 6.25).| 21.4 |53.5 (50.7 (46.1 [26.0 | | 71.8 











* Whole plant, after extraction with 75 per cent ethanol. 

+ Insoluble Residue 1, after saline-borate extraction; 2-A, after 
extraction with 75 per cent ethanol and saline-borate; 2-B, after 
extraction with a quaternary salt, urea, Versenate (ethylene- 
diaminetetraacetate), and sodium lauryl sulfonate; and 2-C, after 
multiple freezing and thawing and extraction with 0.2 per cent 
sodium hydroxide. 

t Fowden (4). 

§ Figures for total N represent that amount present in the par- 
ticular preparation as percentage of the dry matter and from 
which the content of protein was calculated. 


| 


TaBLe III 
Distribution of nitrogen in fractionation of Chondrus (Procedure II) 




















Nitrogen 
Fraction spr 2 eae 
Amount pa | Dialyzable 
ees es a | oe 
Dry plant powder (10 gm.)... 440 100 
Ether extraction.............. Boy 0.7 0.2 
Ethanol extraction....... | Soe ee 80 a. i, 
Borate extraction......... Ball io bars 31 | 77 
Insoluble residue (by difference)... .. | 222 51 | 
| 


* Per cent of N in the particular extract prior to dialysis. 





stage is shown in Table II as Residue 2-A. Since the insoluble 
residue still contained 51 per cent of the nitrogen in the original 
powder, more drastic efforts were made to extract it. The resi- 
due was treated for 15 hours with 100 ml. of a 2 m solution of 
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urea. The mixture was separated in the centrifuge at 1500 r.p.m. 
and the supernatant fluid was examined for protein by the biuret 
reaction. The amount dissolved was neligible. The insoluble, 
washed residue was extracted twice with a 0.1 per cent solution 
of disodium ethylenediaminetetraacetate in 1 per cent sodium 
chloride at pH 8.2. A negligible amount of protein was dis- 
solved by this treatment. The residue was repeatedly washed 
with distilled water. It was then mixed with a 2 m solution of 
potassium thiocyanate without extracting any protein. The 
residue was again washed with water and extracted unsuccessfully 
with a dilute solution of sodium lauryl sulfate at pH 5.0 accord- 
ing to Stainsby et al. (14). An aliquot at this point was extracted 
with acetone and dried in vacuo. It contained 45 per cent of 
protein and was examined chromatographically after acid hydrol- 
ysis. The results are shown in Table II as Residue 2-B. 

On the assumption that the residual protein might be firmly 
held within the chloroplasts, the moist, washed residue was 
frozen and thawed about 30 times. A negligible amount of 
nitrogen could then be dissolved in water. The residue was next 
extracted with 0.05 nN sodium hydroxide with mechanical shak- 
ing: This dissolved 25 mg. of the calculated 200 mg. of nitrogen 
remaining. Finally, the residue was neutralized with 0.05 n 
hydrochloric acid, washed free from chloride, dehydrated with 
absolute ethanol and ether, and dried in vacuo. The final dry 
powder still contained 26 per cent of protein. This material was 
examined chromatographically after hydrolysis and the results 
are shown in Table II as Residue 2-C. 


TaBLe IV 


Distribution of amino acids in various extracts of Chondrus 
(amino acid N as percentage of total N in solution 
or hydrolysate) 














Ethanolic extract Ethanolic extract 
(1955) (1956) 
Amino acid Whole plant* 
ner sis 7. Before hydrolysis 

Alanine......... 3.8 0.5 0.6 0.9 
Arginine........ 33.6 16.0 26.9 15.8 
Aspartic acid.... 3.8 0.5 0.5 0.2 
Citrulline....... 5.8 8.7 4 7.2 
Glutamic acid... 4.1 2.2 2 2.2 
Glycine. ........ 3.5 0.2 2.0 0.2 
Histidine........ 0.9 
Isoleucine....... 1.8 0.1 0.1 0.2 
Leucine......... 2.9 0.1 0.1 0.1 
Lysine.......... 4.9 
Methionine...... 0.5 0.1 4 | 0.1 
Ornithine. ...... 7.1 0.1 13.0 0.2 
Phenylalanine... 1.5 0.8 0.8 1.1 
Proline.......... 1.9 
Serine........... 2.2 0.8 0.4 0.4 
Taurine. ie 2.6 2.7 3.0 
Threonine. ...... 2.2 0.1 0.3 0.2 
Tyrosine........ 1.0 
Valine........... 2.7 0.1 0.2 
Amide N........ 10.1 2.8 16.9 2.2 
, | Pree 94.3 35.6 70.5 34.2 
Amino N........ 32 66 

















* After extraction with 75 per cent ethanol. 
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Attempted Liberation of Protein by Carrageenase 


Since only about 50 and 78 per cent of the original N in the 
plant can be extracted by 75 per cent ethanol and borate buffer, 
an attempt was made to dissolve more by previous digestion 
with x-carrageenase. This was based on the assumption that 
protein might be held in an insoluble form in combination with 
the acidic sulfated polysaccharide, carrageenin. The residue, 
after extraction with borate buffer, was suspended in 0.034 m 
phosphate buffer, pH 7.1, and a solution of bacterial x«-carra- 
geenase was added (15). Toluene was used as preservative. The 
mixture was stirred mechanically for 24 hours at 23° and cen- 
trifuged, and the residue was treated with fresh solutions of buf- 
fer and enzyme. The combined solutions contained 21 per cent 
of the nitrogen originally present in the plant, after correction 
for N in the enzymic preparation. Hydrolysis of the x-car- 
rageenin present thus liberates an appreciable portion of the 
nitrogen. 


Analyses of Amino Acids in Various Preparations 


Ethanolic Extracts—A portion of ethanolic extract, obtained as 
described under Procedure II but before dialysis, was evaporated 
to dryness in vacuo. The residue was dissolved in water to con- 
tain about 6 mg. of N per ml. It was clarified by centrifuging 
at 18,000 r.p.m. A portion of the solution was hydrolyzed with 
an equal volume of concentrated hydrochloric acid by boiling 
under reflux for 40 hours. Excess acid was removed by repeated 
distillation in vacuo. The residue was dissolved in water as 
above, adjusted to pH 4.5 with silver oxide, and centrifuged until 
clear. Aliquots were analyzed quantitatively by the technique 
of ion exchange (16) and qualitatively by two-dimensional 
chromatography on paper (17). The distribution of amino acids 
is shown in Table IV. A number of unknown ninhydrin-positive 
components were observed and three unidentified peaks ap- 
peared on the effluent curve from the long column of Dowex 50 
resin. They were not altered by hydrolysis, but a further com- 
ponent, as yet unidentified, appeared just before the glycine. 

It is thus evident that a number of free amino acids, including 
ornithine, are present in Chondrus and that arginine, glycine, 
threonine, ornithine, and possibly the unknown component are 
present as peptides, soluble in 75 per cent ethanol. Part of the 
ornithine was probably present originally as citrulline, as ex- 
plained below. The free amino acids constituted only 36 per cent 
of the total N present and it is surprising that only 35 per cent 
was added after acid hydrolysis. Thus only 70.5 per cent of the 
nitrogen present in the ethanolic extract is accounted for as 
amino acids, peptides, and ammonia. The amino nitrogen in the 
extract would be 18 per cent of the total N by calculation from 
the free amino acids determined. It would be 48 per cent in the 
hydrolysate on a similar basis. The amino N found was 32 and 
66 per cent, respectively, by microformol titration. The dif- 
ference can probably be explained by the presence of free amino 
groups in the peptides before hydrolysis and of unknowns, for 
which there is evidence from chromatography. 

Attempts to identify the unknown components in the ethanolic 
extract by two-dimensional chromatography were unsuccessful 
because of distortion of the normal patterns. Circular paper 
chromatography (18) gave clear patterns, but resolution of the 
mixture was not sufficient to permit identification of all amino 
acids present. 


Since the presence of free citrulline was indicated by the dis- 
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tortion of the peak in the usual position of glutamic acid, a se- 
quence of separations on resin columns followed by paper 
chromatography was tried. An aliquot of the ethanolic extract 
was passed through a 100 cm. column of Dowex 50. The desired 
peaks were located in the effluent and the fractions which com- 
prised the peak were combined and desalted on a column of 
Dowex 2-X10 (19). The salt-free fractions of the effluent were 
collected in a 50 ml. centrifuge tube, previously coated with a 
silicone preparation (Desicote, Beckman). The liquid was evap- 
orated on a water bath in a current of warm air. The tube was 
placed in a desiccator and a high vacuum was maintained for 
several hours with an oil pump. The residue was dissolved in 
0.1 or 0.2 ml. of water and chromatographed on paper in two di- 
mensions. The peak in the position of glutamic acid was thus 
resolved into three components, citrulline, glutamic acid, and one 
which gave a faint spot slightly to one side and ahead of the latter 
in the phenol direction. This spot gave no color with Ehrlich’s 
reagent. The concentration of citrulline was at least equal to 
that of glutamic acid. In attempting to confirm the presence of 
citrulline, it was discovered that added citrulline was partially 
converted to ornithine under the usual conditions of hydrolysis 
with hydrochloric acid. Repetitions of the conditions of hydrol- 
ysis with pure citrulline indicated a conversion of citrulline to 
ornithine of 75 per cent or more. This result confirms the ob- 
servations of Miettinen and Virtanen (20). 

Another peak which occurred at 38 ml. on the effluent curve 
from the resin column was identified as taurine and found to give 
an Ry value on paper which corresponded to it. The presence 
of taurine was further confirmed by the coincidence of added 
taurine with the spot in question. The substance also gave an 
intense red spot under ultraviolet radiation when the paper was 
dipped in an acetone solution of o-phthalaldehyde and then in 
alcoholic potassium hydroxide (21). 

A fresh ethanolic extract was passed through resin columns 
and reexamined with the modified ninhydrin reagent of Moore 
and Stein (22). This reagent was not satisfactory for the present 
purpose and was modified by omission of hydrindantin and the 
addition of stannous chloride in the proportion of the earlier 
reagent (23). The blanks were low and relatively constant. 
The extract contained 24 per cent of the total N of the sample 
of Chondrus. The results were essentially the same as previously 
found and are shown in Table IV. The incomplete separation of 
the peaks of citrulline and glutamic acid was resolved by calcu- 
lation as proposed by Stein and Moore (24). 

Insoluble Protein—The residual and highly insoluble protein, 
after prolonged extraction as described above, remained essenti- 
ally the same in its distribution of amino acids. As a result of 
extraction with saline-borate buffer, the values for most amino 
acids were doubled, all citrulline and ornithine was removed, and 
the value for arginine was reduced by half, as shown in Table 
II. These figures are a better picture of the composition of the 
basic protein of Chondrus than are those of the whole plant after 
ethanolic extraction. Figures for the latter in Table II differ 
from those published previously (9) only in minor degree, ex- 
cept for appreciably higher levels of arginine, citrulline, lysine, 
and ornithine. The total recovery was 94 per cent of the nitro- 
gen in the hydrolysate as against 79 per cent. 
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DISCUSSION 


The data of Table IV lead to certain definite conclusions. It 
is apparent that traces of most of the common amino acids were 
extracted from Chondrus by 75 per cent ethanol and must have 
occurred free in the plant as collected in the Spring. Arginine, 
citrulline, glutamic acid, and taurine were each present as more 
than 1 per cent of the nitrogen in solution. About 75 per cent 
of the ethanolic extract was dialyzable. Arginine, citrulline, 
ornithine, glycine, and glutamic acid were present as simple pep- 
tides, soluble in ethanol. This conclusion is supported by previ- 
ous findings of alanine, arginine, and glutamic acid in algal 
peptides (6, 7). Free ornithine and acetylornithine have been 
reported in several plants (20, 26, 27). Ornithine is known to 
occur in two natural peptides, tyrocidine (28), and bacitracin A 
(29). The tendency to conversion of citrulline to ornithine and 
ammonia in 20 per cent hydrochloric acid at 110° introduces 
some uncertainty as to the figures for these amino acids in the 
plant. Some spots on the two-dimensional chromatograms and 
three peaks on the effluent curve from the long resin column re- 
main unidentified. 

The occurrence of free taurine in Chondrus is not unusual since 
it has been detected in several algae (30, 31, 25). 

Saline borate buffer of pH 8.4 proved to be an effective solvent, 
and on one occasion dissolved as much as 78 per cent of the plant 
nitrogen. The dissolution of only traces of protein, however, is 
noteworthy. The extraction of much larger quantities of the 
plant will be required to characterize the proteins which are 
precipitable with saturated salt solutions. 

Except for the level of arginine, the composition of the residual 
protein resembles the analyses for the proteins of Rhodymenia 
palmata and Ulva lactuca previously published (9). The resem- 
blance to the protein of the unicellular green alga, Chlorella 
vulgaris, is even closer (4) and may indicate a fundamental rela- 
tionship or basic pattern in the protein structure of all algae. 


SUMMARY 


The dried red alga, Chondrus crispus, has been extracted with 
aqueous ethanol and the extract has been shown to contain many 
common amino acids and especially arginine, citrulline, glutamic 
acid, and taurine. The presence of simple peptides which con- 
tained arginine, citrulline, glycine, threonine, and ornithine was 
demonstrated chromatographically. Several components re- 
main unidentified. 

Extraction of the dried plant with a saline-borate solution of 
pH 8.4 dissolved about 70 per cent of the total nitrogen in the 
plant, of which about 80 per cent was dialyzable. Complex pep- 
tides were demonstrable in the ultracentrifuge and on paper 
chromatograms. Traces of albumin and globulin-like proteins 
were detected. 

About 25 per cent of the protein nitrogen was held firmly in 
the insoluble residue and could not be dissolved by such reagents 
as urea, sodium ethylenediaminetetraacetate, potassium thio- 
cyanate, or sodium laury] sulfate. Such residues contained more 
than 50 per cent of protein. The distribution of amino acids in 
them indicated the absence of citrulline and ornithine, a high con- 
tent of arginine, and marked similarity to other algal proteins. 
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Inhibition Studies with s-2-Thienylalanine, s-1-Naphthylalanine, 
p-Tolylalanine and Their Peptides’ 
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B-2-Thienylalanine, 6-l-naphthylalanine and p-tolylalanine 
are structurally similar to phenylalanine, and because of this 
similarity these three unnatural amino acids might be expected to 
inhibit the utilization of phenylalanine by competition for a 
common site, resulting in an inhibition of growth. However, 
of these amino acids only 8-2-thienylalanine has been reported to 
inhibit growth of the organisms tested (1, 2). 8-1-Naphthyl- 
alanine and p-tolylalanine not only failed to inhibit growth, but, 
under the testing conditions employed, nullified the toxicity of 
low levels of 8-2-thienylalanine (3, 4). The reversal of the 
toxicity of one unnatural amino acid by other unnatural amino 
acids would seem to involve some interesting metabolic relation- 
ships, and it was therefore decided to make a more detailed 
study of the utilization of these amino acids and some of their 
peptides by Escherichia coli strain 9723. 

In this work, 6-l-naphthylalanine and p-tolylalanine have 
been found to prevent competitively growth effects resulting 
from exogenous phenylalanine or §-2-thienylalanine so that 
growth inhibition in the former case or reversal of inhibition in 
the latter case is observed. An unnatural peptide, glycyl-p- 
tolylalanine, also prevents competitively inhibition by glycyl- 
§-2-thienylalanine. By appropriate supplements some rather 
interesting growth effects can be obtained such as restoration 
with glycyl-p-tolylalanine of growth of £. coli initially inhibited 
by glycyl-8-2-thienylalanine, then reversed by phenylalanine 
which in turn is inhibited by p-tolylalanine or §-1-naphthyl- 
alanine. 


EXPERIMENTAL 


The compounds, all racemic in form, have been reported pre- 
viously and were prepared by conventional methods or obtained 
commercially. 

Growth studies with Z. coli strain 9723 were conducted by 
the procedure that has been described (5). All compounds 
were added aseptically to previously sterilized medium. Growth 
is reported in terms of galvanometer readings using an instrument 
(6) in which distilled water reads zero and an opaque object 
reads 100. 


RESULTS AND DISCUSSION 


Results in Table I show that in the growth of E. coli B-1- 
naphthylalanine, p-tolylalanine or glycyl-p-tolylalanine can 
reverse the toxicity of various levels of 6-2-thienylalanine. Each 
of the reversing agents becomes less effective as the concentra- 
tion is increased. The inhibition index! for 6-2-thienylalanine 


* Support of this work by a grant (No. E-1498) from the United 
States Public Health Service, Bethesda, Maryland, is gratefully 
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in the presence of phenylalanine is about 100 (5); 8-1-naphthyl- 
alanine and p-tolylalanine are therefore only about 0.01 as effec- 
tive as phenylalanine in blocking the action of 6-2-thienylalanine. 

Table II shows the reversal of the toxicity of glycyl-6-2- 
thienylalanine by 8-1-naphthylalanine, p-tolylalanine and glycyl- 
p-tolylalanine. It can be seen by comparing Table I and Table 
II that 6-1-naphthylalanine and p-tolylalanine are less effective 
in stimulating growth in the presence of glycyl-8-2-thienylalanine 
than they are in the presence of 8-2-thienylalanine. Glycyl-p- 
tolylalanine stimulates growth more effectively than p-tolyl- 
alanine in the presence of glycyl-8-2-thienylalanine although it 
is less effective in the presence of 8-2-thienylalanine. 

The utilization of peptides by some independent route has been 
suggested by previous work (5, 7,8). Additional evidence of a 
separate pathway for utilization of a peptide is presented in 
Table III, which shows the sparing action of glycyl-8-2-thienyl- 
alanine upon the amount of 8-2-thienylalanine required to inhibit 
growth in the presence of 8-1-naphthylalanine or p-tolylalanine. 
Complete inhibition requires between 300 ug. and 500 ug. of 
6-2-thienylalanine in the presence of 1000 ug. of 8-1-naphthyl- 
alanine or p-tolylalanine per 5 ml. However, when a supplement 
of 1 unit of glycyl-8-2-thienylalanine is added complete inhibition 
occurs with only 200 ug. of 8-2-thienylalanine; with a supple- 
ment of 5 units of the peptide only 50 ug. of 8-2-thienylalanine 
are required for complete inhibition. Since one unit of glycyl- 
8-2-thienylalanine can replace more than 100 times its equivalent 
of the parent amino acid, the peptide evidently is utilized by 
some route other than that followed in the utilization of 8-2- 
thienylalanine. A possible explanation of these results is that 
8-1-naphthylalanine and p-tolylalanine compete with {-2- 
thienylalanine for a common site, reducing the effectiveness of 
B-2-thienylalanine, while glycyl-8-2-thienylalanine bypasses this 
site and thereby retains its effectiveness as an inhibitor. 

Although 8-1-naphthylalanine and p-tolylalanine can nullify 
the toxicity of 8-2-thienylalanine under certain conditions, and 
in this way resemble phenylalanine, it does not seem likely that 
these unnatural amino acids can actually replace the metabolic 
functions of phenylalanine in the growth of E. coli. If the three 
unnatural amino acids are competing for a common site, it 
seems reasonable that phenylalanine might also compete at this 
same site. If 6-1-naphthylalanine and p-tolylalanine compete 
with phenylalanine, without actually being able to replace it, 
they might be expected to be toxic in a system which requires 
exogenous phenylalanine. Although Z. coli does not require 
exogenous phenylalanine in its basal medium, it does respond 


1 The inhibition index is the ratio of inhibitor (6-2-thienylala- 
nine) to substrate or reversing agent (e.g. 6-1-naphthylalanine) 
(14). 
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TaBLeE I 
Reversal of growth inhibition of B-2-thienylalanine 
with B-1-naphthylalanine, p-tolylalanine and 
glycyl-p-tolylalanine 
Test organism, Escherichia coli strain 9723, incubated for 15 
hours at 37°. 
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TaBLeE II 
Reversal of growth inhibition of glycyl-B-2-thienylalanine 
with B-1-naphthylalanine, p-tolylalanine and 
glycyl-p-tolylalanine 
Test organism, Escherichia coli strain 9723, incubated for 15 
hours at 37°. 


















































Supplements Supplements 
_2-Thi % -1-Naph- Glycyl-p- -2-thi " -1-Naph- Glycyl-p- 
Acaneme | supplement | tayko | gf Tob | ‘iobylm- Spies | toptementt «| thyme | Telit | “tolyboe 
Galvanometer readingst Galvanometer readingst 
ug./5 ml. units/5 ml. units/5 ml. unzts/5 ml. 
0 10 63 64 63 0 10 63 63 63 
3 10 46 62 58 1 10 60 64 64 
10 10 3 34 9 3 10 0 61 60 
30 * 10 2 5 10 10 41 7 
30 10 2 1 
0 30 64 66 65 
3 30 63 65 65 0 30 63 65 64 
10 30 4 62 61 3 30 61 64 64 
30 30 21 4 10 30 50 54 
100 30 2 30 30 6 3 
0 100 63 64 64 0 100 62 64 65 
10 100 62 62 64 3 100 62 63 63 
30 100 13 62 8 10 100 52 54 63 
100 100 4 9 6 30 100 6 8 29 
100 100 2 1 
0 300 63 63 65 
30 300 63 65 60 0 300 60 64 62 
100 300 31 58 4 3 300 62 64 
300 300 3 4 10 300 58 58 62 
30 300 8 5 62 
0 1000 61 63 64 100 300 1 0 18 
30 1000 61 63 60 300 300 2 
100 1000 61 62 1 
300 1000 9 31 0 1000 59 60 63 
1000 1000 3 2 3 1000 59 63 
10 1000 42 60 58 
* In the basal medium, with no supplements added, 8-2-thienyl- 30 1000 4 10 59 
pL-alanine completely inhibits growth (galvanometer reading of 100 1000 7 63 
0) at a level of 1 wg. per 5 ml. 300 1000 10 
ft 1 unit of 8-1-naphthyl-pL-alanine and p-tolyl-pt-alanine is 1000 1000 7 
1 pg.; 1 unit of glycyl-p-tolyl-pL-alanine contains the equiva- 


lent of 1 ug. of p-tolyl-pi-alanine. 
t Distilled water gives a reading of 0; an opaque object gives 
a reading of 100. 


to exogenous phenylalanine when growth is blocked by an inhibi- 
tor such as glycyl-8-2-thienylalanine. When the basal medium 
is supplemented with 10 ug. of phenylalanine and 100 units of 
glycyl-8-2-thienylalanine per 5 ml. growth proceeds at almost 
the normal rate; omission of phenylalanine results in complete 
inhibition of growth by glycyl-8-2-thienylalanine. It can be 
seen from Table IV that either 6-1-naphthylalanine or p-tolyl- 
alanine will inhibit growth when the medium is supplemented with 
a mixture of phenylalanine and glycyl-8-2-thienylalanine. The 
apparent toxicity of these compounds is probably due to com- 
petition with phenylalanine, blocking its utilization, permitting 
glycyl-8-2-thienylalanine to inhibit growth. Competition with 
exogenous phenylalanine may involve an initial metabolic step, 





*In the basal medium, with no supplements added, glycyl- 
B-2-thienyl-pL-alanine completely inhibits growth at a level of 
1 unit per 5 ml. 1 unit of this peptide contains the equivalent 
of 1 ug. of B-2-thienyl-pL-alanine. 

t1 unit of 8-1-naphthyl-pt-alanine and p-tolyl-pt-alanine is 
1 pg.; 1 unit of glycyl-p-tolyl-pL-alanine contains the equivalent 
of 1 ug. of p-tolyl-pu-alanine. 

t Distilled water gives a reading of 0; an opaque object gives 
a reading of 100. 


such as conversion to an active form, or it might involve compe- 
tition for entrance into the cell (9, 10). Roberts et al. (11) 
found that E. coli is freely permeable to a wide variety of amino 
acids and peptides, whereas other workers have presented evi- 
dence that the uptake of certain metabolites is energy-dependent 
and suggest possible enzymatic regulation of entrance into the 
cell (12, 13). 
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TaBLeE III 


Sparing of 8-2-thienylalanine by glycyl-B-2-thienylalanine in 
the presence of p-tolylalanine and B-1-naphthylalanine 
Test organism, Escherichia coli strain 9723, incubated for 15 
hours at 37°. 
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TaBLe IV 
Inhibition of growth with B-1-naphthylalanine and p-tolylalanine; 
reversal of inhibition with glycyl-p-tolylalanine* 


Test organism, Escherichia coli strain 9723, incubated at 37° 
for 15 hours. 


















































A special function of peptides is further indicated by the find- 
ing that glycyl-p-tolylalanine can nullify growth inhibition in a 
medium containing glycyl-6-2-thienylalanine, phenylalanine and 
8-l-naphthylalanine or p-tolylalanine, as shown in Table IV. 
This is an unusual situation in which the growth inhibition 
produced by an amino acid (p-tolylalanine) appears to be nulli- 
fied by its peptide (glycyl-p-tolylalanine) ; however, the explana- 
tion appears to be that the growth inhibiting effect of p-tolyl- 
alanine and 6-1-naphthylalanine is due to their interference with 
the utilization of phenylalanine (thus permitting glycyl-6-2- 
thienylalanine to inhibit growth) whereas the growth stimulating 
effect of glycyl-p-tolylalanine is due to its interference with the 
utilization of glycyl-6-2-thienylalanine. 

Table V shows the comparative ability of phenylalanine and 
glycylphenylalanine to stimulate growth in a system which has 
been inhibited with a mixture of 2 units of glycyl-8-2-thienyl- 
alanine, 100 wg. of 8-2-thienylalanine and 1000 ug. of B-1- 
naphthylalanine per 5 ml. Under these conditions growth is 
stimulated by only 0.3 units of glycylphenylalanine whereas be- 
tween 5 and 10 yg. of phenylalanine are required for the same 
growth response. 

In conclusion, it can be stated that peptides may be many 
times as active as the parent amino acids in stimulating growth, 





eas eae 





| | Glycy]-8-2-thieny]-pi-alanine* p-Tolyl- 8-1-Naphthyl- Glycyl-p-tolyl-pt- Galvanometer 
| | (units/5 ml.) Di-alanine DL-alanine alanine’ readings 
g-2-Thienyl- | 8-1-Naphthyl- | -Tolyl-pi- | ] ; a mh e ee ee one ee 
pt-alanine | pt-alanine alanine | ol 4 2 | 3 | 5 | 10 ug./5 ml. | ug./5 ml. | units/5 ml. 
| | . we | ey 0 47 
| Galvanometer readingst 100 0 0 66 
5 See | oe 200 0 0 54 
/S ml. /5 ml. 5 ml | 
ug./S ml. | — g./5 m ug./S ml. | | zs 300 0 0 49 
0 | 1000 0 | 65 | 59 | 60 | 61 | 57 | 36 400 0 0 4 
10 | 1000 0 | | 58 | 57 | 49 | 27 500 0 0 22 
20 | 1000 o | | | | 45} 35] 41 > | > | : re 
30 | 1000 o | | 54 | 50 | 36/37| 3 1000 9 | 9 4 
50 | 1000 o | |52}10| 16] 4 | 
100 | 1000 0 62 | 28; 2) 0 1000 | 0 0 10 
200 | 1000 | 0 | 53 | 11 1000 0 200 16 
300 | ~=—-1000 | 0 | 22 = 1000 0 300 25 
a; OC - 19 bt 1000 0 500 41 
| 1000 | 0 700 55 
0 0 1000 62 | 61 | 57 | 57 | 44 | 33 1000 0 1000 63 
10 | 0 | 1000 53 | 50 | 30 | 22 | 
30 0 | 1000 39 | 14 0 0 0 0 45 
50 0 1000 57 | 35 | 13 4 0 100 0 66 
7 0 | 1000 51/15| 8| | .- 4 B00 9 50 
100 0 | 1000 17! 0) 0 0 700 9 95 
200 | 0 | 1000 | 61) 0 0 1000 0 16 
300 ° | ee. 49 0 2000 0 | 1 
500 0 1000 | O 
7 PWT 0 1000 0 11 
*1 unit of glycyl-8-2-thienyl-pL-alanine contains the equiva- 0 1000 100 25 
lent of 1 wg. of 8-2-thienyl-pL-alanine. 0 1000 200 40 
+ Distilled water gives a reading of 0; an opaque object gives 0 1000 300 51 
a reading of 100. 0 1000 500 57 
0 1000 1000 62 











* The medium contains, in addition to the compounds indicated 
in the table, 100 units of glycyl-8-2-thienyl-pL-alanine and 10 
ug. of pL-phenylalanine per 5 ml. 

T1 unit of glycyl-p-tolyl-pi-alanine contains the equivalent 
of 1 ug. of p-tolyl-pi-alanine; 1 unit of glycyl-8-2-thienyl-pi- 
alanine contains the equivalent of 1 ug. of 8-2-thienyl-pL-alanine. 

t Distilled water gives a reading of 0; an opaque object gives 
a reading of 100. 


and in some cases can actually perform functions which the 
parent amino acid cannot perform. Although the present data 
do not show the location of the sites of competition between 
similar compounds, it is clear that the free amino acids studied 
are competing with each other for at least one common site 
whereas the peptides are competing for some other site or sites. 
Although §-2-thienylalanine, 6-l-naphthylalanine and p-tolyl- 
alanine may compete with phenylalanine and with each other 
for entrance into the cell at a common site while glycyl-§-2- 
thienylalanine and glycyl-p-tolylalanine compete with glycyl- 
phenylalanine and with each other for entrance at another site, 
there are evidently additional sites of competition. In organisms 
which do not require exogenous phenylalanine the toxicity of 
6-2-thienylalanine and glycyl-G-2-thienylalanine when tested 
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TABLE V 
Comparative effect of phenylalanine and glycylphenylalanine 
in stimulating growth* 
Test organism, Escherichia coli strain 9723, incubated at 37° 
for 15 hours. 











pt-Phenylalanine Glycyl-pi-phenylalaninet Galvanometer readingst 
mg./5 ml. units/5 ml. 
0 0 b 1 
3 0 3 
5 0 43 
10 0 63 
0 0 0 
0 0.1 4 
0 0.3 52 
0 0.5 59 








*The medium contains 1000 ug. of B-1-naphthyl-pi-alanine, 
100 ug. of B-2-thienyl-pL-alanine and 2 units of glycyl-8-2-thienyl- 
pL-alanine per 5 ml. 

7 1 unit of glycyl-pL-phenylalanine contains the equivalent of 
1 wg. of pt-phenylalanine; 1 unit of glycyl-8-2-thienyl-pL-alanine 
contains the equivalent of 1 wg. of 8-2-thienyl-pL-alanine. 

t Distilled water gives a reading of 0; an opaque object gives 
a reading of 100. 
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in the basal medium must be due to their interference with some 
process or processes within the cell. 


SUMMARY 


B-1-Naphthylalanine, p-tolylalanine and _— glycyl-p-tolyl- 
alanine were found to reverse the toxicity of 6-2-thienylalanine 
and glycyl-6-2-thienylalanine in Escherichia coli strain 9723. 
Although they do not inhibit growth when they alone are added 
to the basal medium, 6-l-naphthylalanine and p-tolylalanine 
did inhibit growth in a system dependent upon exogenous pheny]- 
alanine. It appears that $-1l-naphthylalanine, p-tolylalanine, 
8-2-thienylalanine and phenylalanine compete for a common site. 

An independent pathway for utilization of peptides is indi- 
cated by the fact that in the presence of a high level of #-1- 
naphthylalanine or p-tolylalanine, glycyl-8-2-thienylalanine can 
replace more than 100 times its equivalent of 8-2-thienylalanine 
in the inhibition of growth of Escherichia coli. In a system 
inhibited by p-tolylalanine or 6-l-naphthylalanine, where a 
mixture of phenylalanine and_ glycyl-G-2-thienylalanine is 
present, growth is restored by addition of glycyl-p-tolylalanine. 
Glycylphenylalanine was about 30 times as effective as phenyl- 
alanine in stimulating growth in the presence of a mixture of 
6-1-naphthylalanine, 8-2-thienylalanine, and glycyl-6-2-thienyl- 
alanine. 
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As a dividend from the study of biosynthetic pathways in 
microorganisms, the concept has gradually emerged that an 
exogenous supply of a metabolite, which can readily enter the 
cell, will generally interfere with the intracellular synthesis of 
that metabolite. This interference results in the preferential 
utilization of the exogenous supply by the organism. The first 
indication of this interference was obtained in studies on the 
accumulation of precursors by organisms blocked genetically 
or by an antimetabolite in the biosynthesis of purines (1), py- 
rimidines (2), and animo acids (3). These studies also showed 
that, in at least some cases, the formation of the metabolite in 
question is suppressed at an early step. 

Suppression of metabolite synthesis by an exogenous supply of 
the metabolite accounts as well for some of the results obtained 
by Roberts et al. (4) using the technique of isotope competition 
in the study of biosynthetic pathways in Escherichia coli. The 
extent of such suppression is shown by the finding of Warner 
(5) that FE. coli (with a potential to synthesize all its metabolites) 
exhibited virtually the same limited biosynthetic activity as 
did Leuconostoc mesenteroides (with many biosynthetic de- 
ficiencies) when each was grown in a richly supplemented me- 
dium. 

Conceivably, three kinds of mechanism might underline 
preferential utilization of exogenous metabolites. One would 
be a simple mass-law effect on equilibria along the biosynthetic 
chain. This possibility can be eliminated a priori for those 
cases in which the effect of the end product is to prevent accumu- 
lation of an intermediate preceding a blocked reaction. A 
second mechanism would be cessation of synthesis of at least 
one enzyme in the biosynthetic pathway. A third mechanism 
would involve inhibition of the activity of at least one such 
enzyme. In either of the last two mechanisms, some simple 
molecular interaction would be necessary to transmit (via a 
feedback loop) the information that the end product was avail- 
able in the medium. This might be done most directly if the 
end product itself inhibited either the formation of the enzyme 
or its activity. Fig. 1 illustrates diagramatically these two 
sites of inhibition. 

Several examples of an end product affecting Site I in Fig. 1, 
loss of a biosynthetic enzyme activity as result of growth in the 
presence of the end product, have been recorded. In 1953, 
Cohn et al. (6) and Wijesundera and Woods (7) observed that 
cells of EF. coli grown in the presence of methionine were unable 
to convert homocysteine to methionine. More recently, Gorini 


* Supported in part by Grant G-4105 of the National Institutes 
of Health, and by funds received by Harvard University from the 
Eugene Higgins Trust. 


and Maas (8) have shown that exogenous arginine prevents the 
formation of ornithine transcarbamylase, an essential enzyme 
for arginine biosynthesis. 

Examples of feedback control in which the end product exerts 
its effect at Site II in Fig. 1 have now been observed in several 
laboratories. In a preliminary note from this laboratory, it 
was reported (9) that L-isoleucine is a strong competitive inhibi- 
tor of L-threonine deamination, the first step in the sequence of 
reactions leading to isoleucine. Yates and Pardee (10) have 
shown that the formation of ureido-succinate is inhibited by 
uridine triphosphate. Strecker (11) has shown that proline 
inhibits the conversion of glutamate to A'-pyrroline-5-carboxylic 
acid. More recently the inhibition of acetolactate formation 
by t-valine has been observed in this laboratory. Moyed! 
has observed that histidine inhibits the formation of the pre- 
cursor of imidazole glycerol phosphate (12). It seems quite 
significant that in each of these examples, the end product has 
been shown to inhibit the earliest step leading specifically to its 
own synthesis. 

This paper will describe some characteristics of the inhibition 
of L-threonine deaminase* by L-isoleucine and some consequences 
of this inhibition for the economy of the growing cell. 


MATERIALS AND METHODS 


The minimal medium of Davis and Mingioli (15), modified by 
the omission of sodium citrate, was supplemented as indicated. 
Growth experiments were performed by methods described 
previously (16). The mutants of F. coli employed were Strain 
12B14, a threonine auxotroph, and Strain M4862-G5, which 
will be described below. 

The accumulation of a-keto-8-methylvaleric acid was esti- 
mated approximately by the difference in the color obtained 
when ethyl acetate and when toluene were employed in the in- 
direct method of Friedemann and Haugen (17). As observed 
by Meister (18), the 2,4-dinitrophenylhydrazones of a-keto- 
B-methylvalerate and‘ a-keto-isovalerate are extracted by 10 
per cent sodium carbonate from toluene but not from ethyl 
acetate. 

The preparation of extracts and the assay of L-threonine de- 


'H.S. Moyed, personal communication. 

* It should be emphasized here that &. coli has two L-threonine 
deaminases, each of which also attacks L-serine. One is an adap- 
tive (degradative) enzyme described by Wood and Gunsalus (13). 
The second is the biosynthetic L-threonine deaminase (14) which 
is constitutive and is essential for the synthesis of L-isoleucine. 
In this paper the term L-threonine deaminase refers only to the 
biosynthetic enzyme. 
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Fic. 1. Mechanisms for end product control of biosynthesis. 
Glucose is metabolized to an intermediate, A, which is directed 
toward synthesis of an end product, P, by the action of enzyme 
a. The intracellular pool of product Pin:, is maintained by syn- 
thesis from A or by entrance into the cell of exogenous product, 
P.z. Oversynthesis of P is prevented by its control (at Site I) 
over the system forming enzyme a or by its control (at Site II) 
over the action of enzyme a. Removal of Pin; by conversion to 
cell constitutents lifts the inhibition thus allowing either forma- 
tion of additional enzyme a or conversion of A to P. 


aminase activity has been described previously (14). To esti- 
mate this activity in whole cells, samples of the culture were 
centrifuged, suspended in the usual reaction mixture supple- 
mented with 20 ug. of sodium desoxycholate and 0.02 ml. of 
toluene per ml. (19). After 10 minutes preincubation at 37°, 
the reaction was started by adding substrate. .-Threonine 
deaminase activity obtained in this way was about half that 
obtained using an extract. 

Isolation of Double Mutant—In order to study the control 
of isoleucine biosynthesis, it was desirable to follow the kinetics 
of accumulation of an easily assayed intermediate in its bio- 
synthesis, such as a-keto-8-methylvalerate. However, mutants 
accumulating this compound also accumulate a-ketoisovalerate, 
since they lack transaminase B (20), which transfers amino 
groups to and from t-glutamic acid, L-leucine, L-isoleucine, 
and t-valine. Since the analytical method used cannot distin- 
guish between these two keto acids, a double mutant was ob- 
tained which was blocked not only in transaminase B but also 
before a-ketoisovalerate. For this purpose, Strain M4862, 
a valine auxotroph blocked between acetolactate and a,6- 
dihydroxyisovalerate (21), was chosen as the parent strain. 
Ultraviolet irradiation and penicillin selection (22) yielded a 
derivative, M4862-G5, that had in addition an absolute require- 
ment for L-isoleucine and a relative requirement for L-leucine. 
This doubly-blocked mutant was shown to lack transaminase 
B as a result of the second mutation. 

Accumulation of a-Keto-8-Methylvalerate—The relationship be- 
tween cell growth and precursor accumulation in this double 
mutant was studied in the following way. In the experiment 
represented in Fig. 2, cells were grown in medium supplemented 
with 200 yg. each of 1-valine and L-leucine and 20 of L-isoleucine 
per ml. In this medium growth had ceased, owing to isoleucine 
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Fic. 2. Effect of t-isoleucine on growth and a-keto-8-methy]l- 
valerate formation by E. coli strain M 4862-G5 @——®, minimal 
medium; A——A, same supplemented with 10 ug. each of L-valine 
and t-leucine and 4 yg. of L-isoleucine per ml.; O——O, and 
A——A, samples receiving 100 ug. of L-isoleucine per ml. at time 
indicated by arrow. Growth determined turbidimetrically using 
a Klett-Summerson colorimeter with a K-42 filter. a-Keto-8- 
methylvalerate determined as described in ‘‘Materials and Meth- 
ods”’ using 1 ml. of culture fluid partially freed of cells by centrifu- 
gation. 


exhaustion, several hours before the cells were harvested, and 
a-keto-8-methylvalerate was being actively accumulated. 

The cells were centrifuged, washed twice with m/5000 phos- 
phate buffer, pH 7.0, and inoculated to a moderate optical density 
in two flasks, one containing only minimal medium and the 
second supplemented with a limiting amount of L-isoleucine 
and a slight excess of L-leucine and t-valine. The flasks were 
shaken in a water bath at 37°, and at intervals samples were 
removed for determination of cell density and of keto acid 
production. After 2.5 hours the contents of the flasks were 
subdivided, and to one sample of each an excess of L-isoleucine 
(100 ug./ml.) was added. Measurements were then continued 
as before. 

As shown at the top of Fig. 2, the medium containing amino 
acids permitted growth until the limiting amino acid, L-isoleucine, 
was exhausted. Upon addition of excess t-isoleucine, as indi- 
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Fig. 3. Relationship between exhaustion of L-isoleucine and 
accumulation of a-keto-8-methylvalerate by E. coli strain M 
4862-G5. A——A, minimal medium supplemented with 15 ug. 
of each L-valine and t-leucine per ml. and 4 yg. of L-isoleucine 
per ml. 4, minimal medium supplemented with 15 yg. 
of each t-valine and t-leucine per ml. and 7 yg. of L-isoleucine 
per ml. Determinations were as in Fig. 2 except that culture 
fluids were used without centrifugation. 


cated by the arrow, growth resumed, although at a diminished 
rate.$ 

At the bottom of the same figure is shown the accumulation of 
a-keto-8-methylvalerate. In the medium that lacked isoleucine 
(closed circles) the accumulation took place at a linear rate from 
zero time. It therefore appears that there was no increase 
during this period in the capacity to synthesize keto acid. In 
other experiments, using cells harvested from media containing 
ample amino acid supplement, similar results were obtained 
except that the cells were slightly less active. 


3 The diminished growth rate is probably the result of the ex- 
cessive isoleucine to valine ratio which would tend to exclude 
valine from the cells (23). Under this condition of limiting L-va- 
line, acetolactate accumulates (12). 

In the unsupplemented medium, there is also a moderate in- 
crease in optical density. The nature of this increase is not clear 
but it is doubtful whether in the absence of the required amino 
acids it represents normal cell growth. The addition of L-iso- 
leucine has no effect on the subsequent density in this medium. 


by £. coli strain 12B14. Each point is the maximal increase in 
turbidity of a flask culture supplemented as shown. 


In the medium that permitted growth, the accumulation of 
the isoleucine precursor was suppressed for about 30 minutes. 
It is evident that keto acid accumulation began shortly before 
growth stopped owing to exhaustion of isoleucine. A more 
detailed study of the relationship between cessation of growth 
and onset of keto acid formation by this mutant is represented 
in Fig. 3. Initially there was very little accumulation of keto 
acid,‘ the rate roughly paralleling the increase in cell density. 
However, shortly before the final increase in cell density, there 
was a rapid increase in the rate of accumulation, after which the 
rate remained unchanged. It would thus appear that the last 
portion of exogenous L-isoleucine to be utilized for growth was 
ineffective in suppressing the pathway to endogenous isoleucine. 

The inverse relation between the presence of L-isoleucine and 
the accumulation of the keto acid indicated by the effect of 
isoleucine exahustion is further emphasized by the observation 
that accumulation ceases abruptly upon the addition of L- 
isoluecine (indicated by the arrow in Fig. 2). This effect of 
isoleucine clearly does not depend upon resumption of growth 
since it is observed even in the suspension (open circles) where 
growth was prevented by some other deficiency. The conclu- 
sion seems warranted that an excess of L-isoleucine inhibits 
without delay, and presumably by some rather direct mecha- 
nism, the synthesis of a-keto-8-methylvalerate and isoleucine. 

Sparing Action of L-Isoleucine on L-Threonine Utilization— 
Some indication of the site of action of L-isoleucine on its own 
synthesis came from a consideration of its effect on the threonine 
auxotroph, Strain 12B14. Although no compounds were found 
to substitute for this amino acid, L-isoleucine exerted a sparing 
action on the utilization of t-threonine. As is shown in Fig. 4, 
the yield of cells from a given amount of L-threonine was about 
doubled by the presence of excess L-isoleucine. 


4The nature of the very small amount of keto acid (note the 
difference in scale between Figs. 2 and 3) which appeared during 
the first minutes of the experiment shown in Fig. 3 is not known. 
In some experiments, even larger amounts of this material ap- 
peared only to disappear before the L-isoleucine was exhausted. 
It seems unlikely that the color is the result of a-keto-8-methy]l- 
valerate. 
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Fic. 5. Competitive inhibition of L-threonine deamination by 
L-isoleucine. S = Molar concentration of L-threonine. V = 
Klett reading obtained with 0.25 ml. of the 1 ml. reaction mixture 
containing 0.2 ml. of extract equivalent to 25 mg. wet cells and 
incubated at 37° for 30 minutes. 


Inhibition of L-Threonine Deamination—The first step in the 
conversion of L-threonine to L-isoleucine is its deamination to 
yield a-ketobutyrate. Since this reaction is irreversible, it is 
the only one of the several reactions that isoleucine might inhibit 
in suppressing its own synthesis that could also account for the 
sparing action on threonine utilization. 

Examination of extracts has shown that indeed L-threonine 
deamination is inhibited more strongly by L-isoleucine than 
by any other amino acid tested (9). At that time, evidence 
was presented that the inhibition by L-isoleucine was competi- 
tive. In Fig. 5 data plotted by the method of Lineweaver and 
Burk (24) are presented as further evidence for a competitive 
antagonism. It is to be noted that the abscissa is 1/S* rather 
than the usual 1/S since this reaction appears to be bimolecular 
with respect to both substrate and inhibitor. Attempts to alter 
the conditions of assaying enzyme activity so as to obtain the 
usual monomolecular kinetic behavior have been unsuccessful. 

It has been emphasized that there is a high degree of specificity 
in the interaction between t-threonine deaminase and _ L-iso- 
leucine. For example, t-valine, which so often competes with 
L-isoleucine in biological systems, has no effect on the deamina- 
tion of t-threonine. However, t-leucine, another amino acid 
often antagonistic to isoleucine, is an inhibitor, though a much 
weaker one. Further study has shown that this inhibition, 


TABLE | 
Apparent dissociation constants for L-threonine deaminase 




















Amino seid — |S Sabetrnee | tehibioes Concentration fo hal 
L-Threonine...... 8 X 1075 9X 10-7 M 
L-Serine.......... 18 X 10-5 13 X 10-7 m 
L-Isoleucine...... 8 to 13 X 10-9 | 9 toll KX 10-5 
L-Leucine...-..... 9 X 10° 3X 10-2 
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like that by L-isoleucine, is competitive and has the kinetics of 
a bimolecular reaction. But, unlike L-isoleucine for which the 
enzyme has a very great affinity, t-leucine appears to combine 
with the enzyme no better than does the substrate, t-threonine. 
Some indication of the relative affinities of L-threonine deaminase 
for these amino acids can be seen in Table I. (Because of the 
second order kinetics followed by t-threonine and L-serine 
deamination the apparent dissociation constants have the di- 
mensions of a concentration squared.) The data shown are 
obtained with crude extracts which vary somewhat in the K,, 
obtained, owing perhaps to varying content of free L-isoleucine. 
The precise values are therefore not particularly significant. 
Nevertheless, the data emphasize the particular effectiveness 



































of L-isoleucine in inhibiting t-threonine deamination, and hence 
its potential efficiency in controlling this reaction. 
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Fic. 6. Relationship of growth and L-threonine deaminase ac- 
tivity to the appearance of a-keto-8-methylvalerate in cultures of 
E. coli M 4862-G5. @, O, minimal medium; A, A, minimal me- 





dium supplemented with 10 ug. of each L-valine and L-leucine per | 


| This 


ml and 5 yg. of t-isoleucine per ml.; #%, 0, minimal medium sup- 
plemented with 15 yg. of each L-valine and L-leucine per ml. and 
10 ug. of L-isoleucine per ml. Open symbols, growth; closed sym- 
bols, broken lines, L-threonine deaminase activity; closed symbols, 
solid lines, a-keto-8-methylvalerate. 
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Effect of L-Isoleucine on Appearance of L-Threonine Deaminase 
Activity—Returning to Fig. 2, it can also be seen that during 
the brief period of growth, there was an increase in capacity to 
form keto acid. This increase was greater than would be ex- 
pected on the basis of the increase in cell density, implying that 
there was a preferential formation of one or more enzymes 
required for the synthesis of a-keto-8-methylvalerate. 

The data in Fig. 6 suggest such preferential formation of 
t-threonine deaminase which is the only enzyme in this sequence 
that could be tested. In this experiment, samples were removed 
for turbidity and keto acid determination as before. In addi- 
tion, L-threonine deaminase activity of the intact cells was 
measured in samples that had been chilled in ice and centri- 
fuged. It can be seen that L-threonine deaminase activity was 
quite low in the cells at the beginning of the experiment, but in 
the suspensions given L-isoleucine there was an increase in 
activity just before the break in the growth curve. In this 
experiment, unlike those shown in Figs. 2 and 3, the final increase 
in turbidity was gradual as though the last portion of L-isoleucine 
were being utilized only slowly. It is striking, however, that 
i-threonine deaminase activity was preferentially increased 
during this period. It would thus appear that isoleucine exerted 
an inhibitory effect on the formation of L-threonine deaminase 
as well as on its action. 


DISCUSSION 


In the two mechanisms shown in Fig. 1 for blocking of bio- 
synthesis by an end product, the most obviously important 
difference for the physiology of the cell would be the rapidity 
with which the biosynthesis is affected by changes in environ- 
ment. According to Mechanism I, addition of P to the medium 
would prevent further formation of enzyme a. Synthesis of A 
would continue though at a linear rate rather than an exponential 
one. Without a means for destruction of enzyme a, this kind 
of control could not account for strong suppression of synthesis 
of certain amino acids observed by Roberts et al. (4) when E. 
coli was transferred from minimal medium to media containing 
those amino acids. In the reverse situation, i.e. resumption of 
synthesis of P upon exhaustion of P,., synthesis of enzyme a 
would be necessary. Whether or not this shift to intracellular 
formation of the product would be accompanied by a temporary 
cessation of growth (diauxie) would depend on how efficiently 
the last portion of P,, was directed toward synthesis of enzyme a. 

Further evidence that Mechanism I could not account for 
control of metabolite synthesis is found in the fact that when an 
auxotroph stops growing because of exhaustion of its growth 
factor it fails to excrete the whole array of other metabolites 
(e.g. amino acids and nucleotides) which it is capable of forming. 
It must be inferred that the formation of these other metabolites 
is prevented by feedback loops similar to Mechanism II in Fig. 
1. This mechanism, involving inhibition by P of the action 
of enzyme a would respond much more rapidly to environmental 
changes. Enzyme a would cease functioning as soon as the 
exogenous product (P,,) entered the cell in sufficient amount. 
Conversely, synthesis of P would resume as soon as the level 
of Pint was sufficiently lowered to permit enzyme a to function. 
This level of Pine would then be maintained as a steady state 
pool. As P would be removed through synthesis of cellular 
constituents the pool would be continuously replenished from A. 

In the examples of Mechanism II that have been cited, the 
reaction inhibited by end product is the first in the sequence 
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leading solely toward the synthesis of the end product in question. 
This common feature is important. For example if isoleucine 
blocked its own pathway by preventing the utilization of a- 
ketobutyrate, threonine deamination might have proceeded 
unchecked and a-ketobutyrate would have been excreted as an 
end product of glucose metabolism. On the other hand iso- 
leucine could also have blocked its own pathway by inhibiting 
an earlier step in the pathway, for example, the formation of 
threonine. In such a case, isoleucine would inhibit the growth 
of the wild strain and threonine would reverse the inhibition 
noncompetitively. 

Thus, control of biosynthesis by means of a feedback loop 
involving the initial step in a pathway that is inhibited by the 
end product would appear to be the only control mechanism 
which is simple, efficient and without the above drawbacks. It 
might be anticipated that this pattern will be found to underlie 
many additional examples of the effect of end product on metab- 
olite synthesis. 

There is another potentially important feature of this pattern 
of feedback control. It is quite possible for an inhibitor to owe 
its effect on growth to its resemblance to some metabolite in 
inhibiting the initial step leading to that metabolite. Although 
the metabolite would be expected to reverse the action of the 
inhibitor noncompetitively, there may be competition between 
the inhibitor and metabolite for entry into the cell. This 
secondary effect of the inhibitor would, of course, be by-passed 
by employing a suitable derivative or precursor of the metab- 
olite. Thus, examination of the data of Dunn et al. (25) 
would lead to the prediction that the growth inhibitor, 8-thienyl- 
alanine, prevents phenylalanine synthesis in FE. coli by inhibiting 
the same reaction that is sensitive to phenylalanine. In this 
example, entrance of phenylpyruvate and phenylalanine peptides 
into the cell is unaffected by the inhibitor so that these deriva- 
tives are noncompetitive antagonists. 

A second kind of interference with feedback control was 
presaged by Gladstone (26) in 1939 when he proposed that one 
of a pair of structurally similar amino acids might prevent 
synthesis of the second. Thus, it has been suggested that valine 
is inhibitory to Strain K-12 of FE. coli because the enzyme over 
which valine exerts feedback control is also an essential enzyme 
in isoleucine biosynthesis (16). Perhaps re-examination of 
some of the early examples of antimetabolite and drug action 
would reveal more examples of interference with feedback con- 
trol as mechanism of action. 

While it seems clear that L-isoleucine controls its own synthesis 
by its effect on the action of t-threonine deaminase, isoleucine 
also affects the formation of this enzyme. Although cells 
harvested from media containing excess L-isoleucine contain 
levels of 1-threonine deaminase that more than account for 
the role of this enzymie in isoleucine synthesis, the level rises 
in an isoleucine auxotroph as L-isoleucine approaches exhaustion 
(Fig. 6). It would appear that under these conditions a “brake” 
is removed and the last portion of isoleucine is preferentially 
converted to L-threonine deaminase and perhaps to other en- 
zymes leading to isoleucine. Thus, isoleucine seems to prevent 
the cell from exceeding the “normal” level of L-threonine dea- 
minase. The “normal” level would be empirically defined as 
that amount of activity which is found in the wild strain of E. 
coli grown in minimal medium. 

Thus, maximal t-threonine deaminase should be obtained 
in cells growing at a reduced rate owing to slow permeation of 
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L-isoleucine. Under these conditions there would be a continuous 
source of isoleucine for protein synthesis without a pool of iso- 
leucine acting as a “brake” on the formation of t-threonine 
deaminase. These conditions were achieved with FE. coli 
mutant M4862-G5 by using high concentrations (100 yug./ 
ml.) of t-valine and t-leucine and a low concentration (5 ug./ 
ml.) of t-isoleucine. In this experiment not only 1-threonine 
deaminase but also the rate of a-keto-6-methylvalerate ac- 
cumulation increased continuously while growth occurred. This 
effect of limiting the growth rate by growth factor on the forma- 
tion of a biosynthetic enzyme has been more elegantly demon- 
strated by Gorini and Maas (8) by means of a chemostat. 

It has been stressed here that a feedback mechanism in which 
an end product blocks the action of an early enzyme essential 
to its own synthesis can account for the orderly synthesis of 
small molecules exhibited by the growing cell. However, it is 
obvious that the growing cell is also provided with a mechanism 
which prevents excessive synthesis of enzymes and other macro- 
molecules. The suppression of enzyme formation by end prod- 
uct such as that observed here or that reported in detail by 
Gorini and Maas (8), although failing to account for the con- 
trolled synthesis of small molecules, is nevertheless an important 
process to the economy of the cell. Elucidation of this control 
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mechanism should eventually be a part of any theory of protein 
synthesis. 

SUMMARY 


1. t-Isoleucine decreases by half the requirement of an 
Escherichia coli mutant for t-threonine, a precursor of isoleucine. 

2. An excess of L-isoleucine inhibits the accumulation of its 
own precursor, a-keto-8-methylvalerate, by a mutant of E. coli 
blocked between the two compounds. By use of a doubly 
blocked mutant, it was possible to show that this effect of 
L-isoleucine is independent of its effect on growth. 

3. Both of these observations, as well as the reported pref- 
erential utilization of exogenous isoleucine, can be explained 
by the further observation that L-isoleucine completely inhibits 
the action of t-threonine deaminase, the initial enzyme in the 
sequence leading from t-threonine to 1-isoleucine. 

4. The apparent affinity of t-threonine deaminase for L-iso- 
leucine is about 100 times its affinity for t-threonine. 1-Leucine 
is a much less effective inhibitor of the same enzyme. 

5. An increase in the amount of t-threonine deaminase per 
cell was shown to occur at about the time when L-isoleucine 
was disappearing from the medium. It is tentatively concluded 
that, whereas L-isoleucine does not completely suppress the 
formation of t-threonine deaminase, it does prevent its over- 
production. 
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Amino Acid Activation in Plant Tissues 


J. M. Crark, Jr.* 


From the Kerckhoff Laboratories of Biology, California Institute of Technology, Pasadena, California 


(Received for publication, December 30, 1957) 


The known facts concerning the mechanism of protein syn- 
thesis suggest that the first step in the process is amino acid 
activation (1, 2). This results in the formation of adenosine 
monophosphate-amino acid (AMP!-amino acid) complexes in 
which the 5’-phosphate group of AMP is linked to the carboxyl 
group of an amino acid as a mixed anhydride (3). The activated 
amino acid is then transferred to some form of soluble ribonucleic 
acid (4-6), and this complex may be assumed to mediate the 
synthesis of protein in combination with microsomal material (5). 
The present paper concerns one step in the above scheme, the 
process of amino acid activation. 

An increasing amount of evidence indicates that there may be 
individual amino acid-activating enzymes specific for certain 
amino acids (7-9). The evidence that such specific activation 
is required for the incorporation of amino acids is compelling 
(5, 10, 11). On the other hand, no tissue has yet been found 
which contains measurable amino acid-activating activity 
towards all of the amino acids found in protein. In this paper 
it will be shown that plant tissue contains enzymes which activate 
a wide variety of common amino acids. The localization of this 
activity in cells, and the occurrence of such enzymes in tissues of 
various plant species will also be considered. 


MATERIALS AND METHODS 


Homogenate Preparations—Spinach (Spinacia oleracea) homog- 
enates were prepared by grinding 100 gm. of leaves in an 
Omni-mixer (Ivan Sorvall, Inc., Norwalk, Connecticut) with 
100 ml. of 0.001 m Tris-HCl for 1 minute and filtration through 
cheesecloth. The resulting solution was titrated to pH 7.2 
with KOH and its concentration was increased by using it during 
the grinding of 2 additional 100 gm. lots of spinach leaves and 
titrating it as before. The supernatant solution obtained by 
centrifugation of the concentrated filtrate at 105,000 x g for 
1 hour was adjusted to pH 7.5 and assayed. 

Homogenates of pea epicotyl were prepared by grinding 7 
day-old etiolated tissue in a mortar in 0.4 m sucrose (0.5 ml. of 
solution per gm. of epicotyls). After filtration through cheese- 
cloth, the particulate and soluble fractions were obtained by 
sequential centrifugation. The sedimented fractions were 
suspended in 0.1 m Tris-HCl, 0.3 m sucrose at pH 7.5 and assayed. 

Acetone Powder Extracts—Centrifuged extracts of acetone 
powders were prepared from spinach leaf powder with Tris-HCI, 
pH 7.5 (10 ml./1 gm. of powder) and used in most of the experi- 
ments. 


* Present address, Department of Chemistry and Chemical 
Engineering, University of Illinois, Urbana, Illinois. 

1 The abbreviations used are: Tris-HCl, tris(hydroxymethy]l)- 
aminomethane titrated with HCl; ATP, adenosine triphosphate; 
AMP, adenosine monophosphate; PP, pyrophosphate. 


The gel eluate preparation was obtained in the following 
manner. Spinach acetone powder was extracted with a 10-fold 
weight of 0.001 m Tris-HCl at pH 7.5, and the supernatant 
fluid obtained upon centrifugation was raised to pH 7.0 with 
1.0 m KOH. 0.05 ml. of a 1.5 per cent solution of protamine 
sulfate at pH 6.7 was added per ml. and allowed to react for 5 
minutes when flocculent material was removed by centrifugation 
at 10,000 x g for 10 minutes. The pH of the solution was then 
raised to pH 7.5, and 1 ml. of Cas(PO,)2 gel solution (34 mg. 
Ca;(PO,)2 per ml.) (12) was added per 4 ml. of the enzyme 
solution. The gel was centrifuged and washed twice by suspen- 
sion in half its volume of water and was then eluted with 0.2 m 
potassium phosphate at pH 7.5 (4 ml. of buffer per 3 ml. of 
original gel solution); 0.5 ml. aliquots of this gel eluate were 
used in the assay. 

Assay Procedures—In experiments involving hydroxamate 
formation, the assay method of Schweet (13) was used. The 
reaction mixture contained 1.4 ml. of enzyme, 30 ymoles of 
MgCh, and, where indicated, 30 ywmoles of ATP-K salt, and 
5 umoles of each of 15 L-amino acids (alanine, arginine-HCl, 
glycine, histidine, isoleucine, leucine, lysine-HCl, methionine, 
phenylalanine, proline, serine, threonine, tryptophan, tyrosine, 
and valine) in the final 3 ml. of 1 mw NH,OH-KCI, pH 7. 

PP exchange studies were conducted in 1 ml. of reaction 
mixtures containing 0.5 ml. of enzyme, 10 umoles of KF (to 
inhibit pyrophosphatase), 5 umoles of MgCl, 50 umoles of 
Tris-HCl (excluding that in enzyme) 5 umoles of P®-PP con- 
taining approximately 40,000 ¢.p.m. per umole, 10 umoles of 
ATP-K salt (Pabst Laboratories, Milwaukee, Wisconsin) and, 
as indicated, 2 wmoles of individual amino acids or of each of 15 
amino acids (as before) assayed as a group. The final pH was 
7.5 and the mixture was incubated at 37° for 10 minutes. The 
reaction was stopped by the addition of 1 ml. of 12 per cent 
trichloroacetic acid in the cold. The labeled ATP was isolated 
and hydrolyzed by the method of Crane and Lipmann (14). 
Aliquots of the hydrolysate were counted in a micromil thin 
window gas flow counter. The phosphorus content of the 
hydrolysate was determined by the method of Allen (15). The 
per cent exchange of labeled PP into ATP was calculated by 
comparing the extent of incorporation into ATP with that 
obtained at complete equilibration of 5 ywmoles of PP into 10 
pmoles of ATP. This resulted in the use of the formula: 

c.p.m./10 uzmoles ATP 


> t exch = 100 
Per cent exchange 24 X epm,/5 amoles PP® x 





The values for per cent exchange are corrected for coincidence. 
The results are therefore expressed in ymoles of PP exchange 
per 10 minutes. 

In the procedure outlined above, the activity of the ATP is 
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determined by acid hydrolysis of the material absorbed on the 
washed charcoal and subsequent analysis of the hydrolysate. 
All of the counts released by hydrolysis originate from ATP 
and not from some other form of phosphate. The demonstration 
of this can be approached in three ways. 

First, no counts are released by hydrolysis of the washed 
charcoal from preparations incubated in the absence of nucleotide 
triphosphate. PP, by itself, is therefore not incorporated into 
any hydrolyzable component of the enzyme solution alone. 

Second, elution of washed charcoal with 50 per cent aqueous 
pyridine or 1 m NH,OH in 47.5 per cent ethanol removes most 
of the counts from the charcoal. When the eluate is chromato- 
graphed by the method of Cohn and Carter (16), all of the counts 
are in chromatographically pure ATP. 

Third, the specific activity of the chromatographed ATP (as 
measured by counting and spectrophotometry) is 92 per cent of 
the specific activity of ATP as calculated from acid hydrolysis. 
This is within the limits of experimental error, considering all of 
the steps involved in this assay. 

Protein Determinations—Protein determinations were made by 
the colorimetric Nessler assay on digests of material previously 
treated with 12 per cent trichloroacetic acid for 10 minutes at 90°. 


TABLE I 
Hydrozamate formation in charcoal-treated and (NH) 2SO.- 
precipitated spinach acetone powder extracts 

The enzyme was prepared and resuspended in 0.1 m Tris-HCl, 
pH 7.5. Before concentration, the enzyme was treated with 8.7 
mg. of acid-washed charcoal per ml. The charcoal was re- 
moved by centrifugation. Concentration was effected by the 
addition of a 100 percent saturated (NH,)2SO, solution at pH 7.5. 
The results above were obtained on 5 ml. samples after trichloro- 
acetic acid and FeCl; had been added. 





umoles 
hydroxa- 


Absorbancy 
$20 mate per ml. 
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Re er eee 0.085 0.110 
Sk | 0.151 0.196 
Enzyme + amino acids..................| 0.128 0.166 
Enzyme + amino acids + ATP........... 0.277 0.360 

Lot AMINO ACIDS 
{=} . 
uw ADDED , 
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q BT 
x= 
x 
WW 6T 2 
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4t 
” 
WW 
_ ° 
(@) 2 a 
= NO AMINO ACIDS ADDED 
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2 4 6 8 10 
TIME IN MINUTES 


Fic. 1. Assayed as described in text. Spinach acetone powder 
extract dialyzed for 16 hours at 2° against 0.1 m Tris-HCl at pH 
7.2, 
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RESULTS 


Hydroxamate Assay—The use of the hydroxamate assay to 
detect amino acid activation in plant tissues is made difficult 
by certain characteristics of the tissues. Crude homogenates 
are unsuitable for assay because of nonenzymatic color formation, 
the high level of free amino acids in the preparation, and the 
turbidity in the solution after the addition of acid and filtration. 
As an alternative, the removal of components of small molecular 
weight from the proteins of plant cells by preparation of acetone 
powders is an effective way to obtain the purification necessary 
to render the hydroxamate assay useful. Preparations of 
acetone powder of spinach yield a slight indication of an amino 
acid- and ATP-dependent hydroxamate formation, but. still 
yield a high endogenous base color. The color-forming material 
can be removed by dialysis of the enzyme, but the dialyzed 
material is enzymatically inactive. Quick removal of the harm- 
ful materials from the enzyme by the use of charcoal is more 
effective. The enzyme, extracted from acetone powder, can be 
treated with sufficient acid-washed charcoal to remove the 
materials which give rise to color formation in the presence of 
ferric iron. If a charcoal-treated enzyme extract prepared from 
spinach acetone powder is concentrated by precipitation from 
80 per cent saturated (NH,4).SO, at pH 7.5 and resuspended in 
30 per cent of the original volume, a preparation is obtained that 
shows a definite amino acid- and ATP-dependent hydroxamate 
formation as shown in Table I. 

It is possible to show similar ATP-dependent hydroxamate 
formations in acetone powder extracts of avena coleoptiles, corn 
seedlings, sterile pea roots, tobacco leaves, etc. 

PP Exchange Catalyzed by Individual Amino Acids—The PP 
exchange assay offers a more sensitive method of assay of amino 
acid activation. If one uses PP with a high specific activity, 
it is still possible to detect small amounts or differences in radio- 
activity in the isolated ATP. Secondarily, the rate of exchange 
in acetone powder extracts as measured by PP exchange is 
greater than that measured by hydroxamate formation (Fig. 1). 
This is in accord with the findings of other workers (8, 17, 18). 

Both homogenate preparations and acetone powder extracts of 
spinach contain high levels of free amino acids as measured by 
ninhydrin assay (19). This is reflected in the high levels of 
pyrophosphate exchange exhibited by undialyzed preparations 
in the absence of added amino acid. It is possible to dialyze 
away the free amino acids from acetone powder extracts of 
spinach leaves and obtain. a definite amino acid-dependent 
exchange of pyrophosphate into ATP as shown in Fig. 1. 

This amino acid-dependent exchange requires PP, ATP, and 
where tested, the L-isomers of amino acids. Other nucleotide 
triphosphates or orthophosphate will not substitute for ATP and 
PP. Similar amino acid- and ATP-dependent PP exchanges are 
found in acetone powder extracts of avena coleoptiles, asparagus 
tips, winter rye grass, and tobacco leaves, as well as pea epicoty] 
homogenates. 

It is possible to assay dialyzed preparations of either spinach 
homogenates or spinach acetone powder extracts for activity 
towards individual L-amino acids. Dialyzed preparations of 
either material show consistent activity towards several amino 
acids. However, dialysis of spinach preparations result in a 
loss in specific activity. Because of this instability of the 
preparation, the activity towards one or more amino acids may 
be reduced. In contrast, it is possible to treat an undialyzed 
spinach acetone powder extract with Ca3(POu.)s gel followed by 
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Tas.e II 
umoles of PP exchanged by various preparations in 10 minutes at 37° 

The homogenate preparation was dialyzed for 6 hours against 
0.001 m Tris-HCl at pH 7.5. 

The acetone powder extract was treated with 4.5 mg. of acid- 
washed charcoal per ml. of enzyme. The preparation obtained 
after removal of charcoal by centrifugation was dialyzed for 6 
hours against 0.1 m Tris-HCl at pH 7.2. 

A t-test covering the entire set of experiments was used to 
calculate the significance of the deviation in PP exchange between 
blanks and their respective amino acid treatments. Four sep- 
arate enzyme assay replicates were used to calculate the blank 
values and two separate enzyme replicates were used for each 
amino acid treatment. The values of the differences significant 
at the 1 per cent level between blank means and any one treatment 
mean were computed according to the formula: 


2 a 
Sim + y ty) 1% 
N mn 


Significant deviation = 


where: 

S? = pooled sum of the squares derived from all treat- 

ments (X represents individual values of asay) or 
z= [=x - : ex | 
n 

N = total degrees of freedom involved in pooled sum of 
squares, 

ny = number of replicates in the control (4), 

nj = number of replicates in amino acid treatment (2), 
and 

t~w)1% = valve of t at 1 per cent level for N degrees of freedom 


(1 tail values). 
The isotopic concentrations used resulted in a minimum of 1500 
¢.p.m. in the ATP isolated from the blank value assays. 








Dialyzed intact|Charcoal-treated Caa(POx)s gel 
Substrate spinach home, | and dazed | amine sullate 
Tris-HCl, pH 7.5 extract no eed 
No amino acids added 
| Ree Rae 0.352 0.187 0.0409 
ee 1.02 0.59 0.276 
L-Isoleucine.............. 1.00 0.63 0.344 
I i 9 cil ele is inl 0.57 0.35 0.206 
SIR Se ooo ks vakew anes 0.48 0.42 0.219 
SiR II sy chsiecie Siow ea 4 0.48 0.33 0.116 
L-Methionine............. 0.43 0.30 0.109 
L-Tryptophan............ 0.42 0.23 0.061 
ee 0.40 0.25 0.044 
So ee’ 0.38 0.31 0.067 
B-MENBIES. 60. se cas 0.36 0.25 0.047 
t-ASMAMIMO. ...6 55666 6.5. 0.36* 0.23 0.042* 
L-Aspartic acid........... 0.27 
L-Asparagine............. 0.25 
L-Proline........... ieee, Se 0.34 0.21 0.051 
Hydroxy-t-proline....... 0.042 
ee Se eee eer err. 0.37* 0.21* 0.047* 
L-Threonine...... “Te Per 0.37 0.22 0.045 
ear 0.33 0.20 0.040 
L-Phenylalanine.......... 0.35 0.20 0.044 
L-Glutamie acid.......... 0.20 
L-Glutamine............ 0.18 
15 u Amino acids......... 1.45 1.20 0.840 
Difference from blank for 
significance at 1 per 
cent level.............. 0.039 0.062 0.0015 














* Indicates monohydrochloride. 


J. M. Clark, Jr. 
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elution of the gel and thereby obtain a purified amino acid-free 
preparation. Such a preparation may be tested for enhancement 
of PP exchange as catalyzed by individual L-amino acids. It 
is possible to demonstrate activity of such a preparation towards 
an even larger group of amino acids. Table II shows the 
activities of the three preparations mentioned toward individual 
amino acids. 

As can be seen, spinach preparations obtained in various ways 
have the ability to activate all of the amino acids tested except 
serine and hydroxyproline. It is possible that in the low level 
of free amino acids in the gel eluate there is still sufficient serine 
to saturate the amount of serine-activating enzyme present, 
thereby making the detection of activity towards serine im- 
possible at this stage. 

The activity towards leucine, isoleucine, and valine cannot 
be due to degradation of these amino acids to acetate followed 
by acetate activation with accompanying PP exchange (20). 
Dialyzed preparations capable of activating leucine, isoleucine, 
and valine show no enhanced PP exchange when incubated with 
sufficient acetate or acetate and coenzyme A (Pabst Laboratories, 
Milwaukee, Wisconsin). 

The activity toward L-cysteine is specific and is not due to 
sulfhydryl activation of amino acid-activating enzymes and 
resultant higher base level exchange. Other sulfhydryl com- 
pounds do not increase the exchange in the absence of added 
amino acids. Furthermore, sulfhydryl inhibitors have 
effect upon the reactions. 

The three preparations are roughly similar in their ability to 
activate the various amino acids. Therefore, no major loss in 
activity toward any individual amino acid occurs in the prepara- 
tion of acetone powder or in the gel fractionation. 

Site of the Amino Acid-Activating Enzymes in Cells—It is 
necessary to know the site of the amino acid-activating enzymes 
in cells in order to understand fully their role in protein synthesis. 
Determination of the extent of PP exchange in various cellular 
fractions obtained from etiolated pea epicotyls shows that the 


no 


TasB_e III 


Specific and total activities of various cellular fractions of pea 
epicotyls in PP exchange 
The particulate fractions were resuspended in 0.1 m Tris-HCl 
0.3 m sucrose (nuclear in 0.1, mitochondrial and microsomal in 
0.05 of original homogenate volume). 4 ml. aliquots of all frac- 
tions were assayed as described earlier. 








umoles PP Total 
Fraction exchanged/ | yumoles PP 
mg. protein | exchanged 
Whole homogenate + amino acid......... 0.82 137.0 
Whole homogenate — amino acid......... 0.64 106.9 
Nuclear (0-5,000 X g) + amino acid....... 0.52 19.7 
Nuclear (0-5,000 X g) — amino acid....... 0.40 15.2 
Mitochondrial (5,000-42,000 & g) + amino 
RSs kos waht ctaeaneeeeeee ds cadeaee 0.44 7.2 
Mitochondrial (5,000-42,000 X g) — amino 
Ow ER eee a ene en eee Cee os 0.36 5.9 
Microsomal (42,000-105,000 X g) + amino 
OES ic Re Ray Rae SF OS eee Sere 0.71 13.4 
Microsomal (42,000-105,000 X g) — amino 
BO ied ao as dahakes ates Li 4 - 0.44 8.3 
Soluble (105,000 X g) + amino acid........ 0.94 88.2 
Soluble (105,000 X g) — amino acid........ 0.777 72.7 
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soluble supernatant fractions after centrifugation at 105,000 x g 
contain the highest specific activity and total activity towards 
PP exchange. Table III shows these results. 

It seems that the amino acid-activating enzymes are among 
the soluble enzymes of cells. Even so, the possibility still 
exsits that the activating enzymes are particle-bound and that 
homogenization of the tissue releases the enzymes to solution. 
This hypothesis is partially discredited by the fact that the 
large number of enzymes already present in the soluble fraction 
would dilute the activating enzymes released from any particles 
to such an extent that it is unlikely that the specific activity of 
the supernatant fluid would be the highest of all the cellular 
tissues. The view that activating enzymes are a natural com- 
ponent of the soluble fraction of cells is in agreement with Hoag- 
land et al. (10). 

It can be seen from Table III that the fractions containing 
large quantities of nucleic acids (nuclear and microsomal) 
contain the next highest specific and total activities of amino 
acid-activating enzymes. This suggests that these particulate 
fractions may coprecipitate with the amino acid-activating 
enzymes. The high activity in these fractions would then be 
merely an artifact of preparation. Experiments with the 
microsomal fraction suggest that this is in fact the case. The 
specific activity of the amino acic-dependent exchange of PP 
into ATP in a more homogeneous preparation of microsomes (21) 
(as prepared by repeated differential centrifugation) is only 40 
per cent of that of the original microsomal fraction. 

In the light of this evidence and that of other workers with 
other tissues, it seems likely that the majority of the amino 
acid-activating activity of plants is not associated with any 
particulate fraction of the cell. 
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DISCUSSION 


The idea that amino acid activation is involved in protein 
synthesis is strengthened by the finding that this process is 
widely distributed in plants. Such a view is further supported 
by the finding of a tissue with the ability to activate a wide 
variety of individual amino acids. This finding indicates that 
the lack of ability to activate certain amino acids observed in 
certain tissues (2, 10, 18) reflects assay under suboptimal condi- 
tions or loss of individual activities during enzyme preparation. 

It has been shown in Table III that the bulk of the amino acid 
activation is associated with the soluble fraction of cells. Fur- 
thermore, the activity of the microsomal fraction, at least, ap- 
pears to be a coprecipitated artifact. This finding is supported 
by the work of Webster (22) in which the amino acid-activating 
activity of purified microsomes (21) is completely removed by salt 
extraction. If the enzymes of amino acid activation are 
largely soluble, then the activities measured must reflect cyto- 
plasmic protein synthesis rather than protein synthesis in the 
nucleus or chloroplasts. The role of amino acid activation in 
the synthesis of protein in these particles is as yet undeter- 
mined. 


SUMMARY 


Various plant tissues contain amino acid-activating enzymes 
as assayed by hydroxamate formation or pyrophosphate ex- 
change. Furthermore, plant tissues possess the ability to activate 
a wide variety of individual L-amino acids. This ability appears 
to be largely associated with the soluble fraction of plant cells. 
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S-Adenosyl]-L-Methionine in the Synthesis of Choline, Creatine, 
and Cysteine in Vivo and in Vitro* 
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From the Institute for Cancer Research, Philadelphia, Pennsylvania 


(Received for publication, February 14, 1958) 


Cantoni (1) has demonstrated that the requirement for adeno- 
sine triphosphate in the synthesis in vitro of creatine and N’- 
methylnicotinamide from methionine and guanidoacetic acid and 
nicotinamide, respectively, is due to the formation of S-adenosyl- 
methionine from methionine and ATP,! the compound being the 
direct donor of its methyl group to the respective acceptors. As 
far as we are aware, no information is available as to whether or 
not S-adenosylmethionine is also the direct donor of its methyl 
group in the biosynthesis of choline, or whether or not its homo- 
cysteine moiety is available for the biosynthesis of cysteine. 
Such a study is reported in the present communication along with 
a convenient method of preparation of S-adenosyl-L-methionine 
bromide, labeled with C™ in the methyl group, carbon 2 of the 
homocysteine moiety, or labeled with S*. 


EXPERIMENTAL 

Preparation of S-Adenosylmethionine—The respectively labeled 
S-adenosylmethionine was obtained in essentially the same yields 
employing t-methionine-CH;-C™, pi-methionine-2-C", or me- 
thionine-S**. Commercial baker’s yeast that was grown, har- 
vested, and extracted according to Schlenk and De Palma (2),? 
was used. The method of isolation of S-adenosylmethionine, 
however, was modified in order to eliminate the need for exchange 
columns and large volumes of eluates. From yeast perchloric 
acid extracts, the salt of S-adenosylmethionine was isolated ac- 
cording to the method described for the isolation of methionine 
methyl] sulfonium bromide (3). The yields of S-adenosylmethi- 
onine bromide varied from 6 to 9 per cent of the substrate me- 
thionine (in mmoles). 

A 3 liter round-bottom flask was fitted with a 2-holed rubber 
stopper with sintered glass aerator and a vacuum line lead. Air 
was drawn into the culture vessel after passage through a gas- 
bubbling train consisting of a 6 N H.SO, scrubber and two water 


scrubbers. The medium was made up as follows: 
,{ MgCl:-6H:O 0.429gm. 5 { MnSO,-H.O 0.087 gm. 
CaCl, 0.143 gm. \ ZnSO,-7H,0 0.143 gm. 
3 Sodium citrate 1.428 gm. 4 KH2PO, 2.857 gm. 


Glucose, 21.42 gm.; methionine, 6.7 mmoles. 


* These studies were aided by grants from the United States 
Atomic Energy Commission, the National Cancer Institute, the 
United States Public Health Service, and by an Institutional 
Grant from the American Cancer Society. 

!The abbreviations used are: ATP, adenosine triphosphate; 
TCA, trichloroacetic acid; GSH, reduced glutathione. 

2 We are indebted to Dr. F. Schlenk for making available to us 
before publication the procedure for growing, harvesting, and 
extracting the yeast after incubation with methionine. 


The first pair of ingredients was dissolved and diluted to 400 
ml. Each of the remaining three pairs of ingredients was dis- 
solved and added, with rinsing, in a volume of 200 ml. By using 
such large dilutions during mixing, the formation of insoluble 
salts was eliminated. Glucose and the radioactive or nonradio- 
active substrate (methionine or ethionine) were added separately 
in a solution to bring the final volume of the medium to 1430 
ml. A drop of Dow Antifoam A was added, and 65 gm. of either 
National or Fleischmann brand baker’s yeast were crumbled into 
the medium. Aeration was continued for 24 hours at room tem- 
perature (24-27°C) with one interruption after 7 to 8 hours to 
recharge the culture with an additional 14.29 gm. of glucose. 
The yeast, after being harvested in the centrifuge at 1800 r.p.m., 
was washed twice with 3 volumes of ice water. Decantation of 
the washes was easily effected if the suspension was centrifuged 
for 20 minutes at 1800 r.p.m. The yeast may be either stored in 
the frozen state or immediately extracted with 4 volumes of 1.5 
N perchloric acid for 1 hour at room temperature. After removal 
of the yeast residue by centrifugation, the slightly opaque yellow 
extract was chilled overnight and filtered through a fine glass 
filter to remove turbidity and precipitated perchlorates. 

From the measured volume, a 25 ml. aliquot was taken to as- 
certain the amount of freshly prepared 50 per cent phosphotung- 
stic acid solution that was necessary for complete precipitation. 
Generally, 20 + 5 ml. were required. After chilling for 2 hours, 
the yellow phosphotungstate precipitate was removed by centri- 
fugation and thoroughly washed with 4 to 5 volumes of water 
four times. This was followed by washing four times with 2 vol- 
umes each of 95 per cent ethanol, once with absolute ethanol, and 
finally with ethyl ether before in vacuo. The third or fourth 
water wash and the last 95 per cent ethanol wash were turbid. 

The weighed dry phosphotungstate (3.2 + 0.7 gm.) was then 
triturated four or five times with approximately 10 ml. of 90 per 
cent acetone. After each trituration the suspension was cen- 
trifuged and the yellow acetone extract was filtered through a 
fine sintered glass filter. Completion of the extraction was ar- 
bitrarily judged by a progressive lightening in color of the ex- 
tracts. The insoluble residue, after it was dried with ether, 
amounted to about 30 per cent of the original weight of the phos- 
photungstate. To the combined aqueous acetone extracts 1 m 
tetraethyl ammonium bromide was added until precipitation of 
the phosphotungstate was complete. The extract was diluted 
with an equal volume of cold water, chilled, and centrifuged. 
After adjustment of the pH to 5.8 + 0.1 with 1 m NH,OH, the 
supernatant solution was decolorized with Darco (activated car- 
bon, Atlas Powder Company) at room temperature and filtered. 
Decolorization with Darco can be repeated, if necessary. The 
filtrate was evaporated in vacuo at room temperature to a thin 
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layer of yellowish oil. Upon addition of 10 ml. of absolute 
methanol, a white granular material separated. The methanol 
was distilled off in vacuo to facilitate the removal of moisture, 
and another portion of methanol was added. The solid, slightly 
hygroscopic material was rapidly transferred with absolute 
ethanol to a centrifuge tube. After the sulfonium salt was cen- 
trifuged, washed with absolute ethanol three times for complete 
removal of NH,Br, then with ether, and dried in vacuo at room 
temperature. The bromide of S-adenosylmethionine seems to 
be stable indefinitely when stored in vacuo over silica gel. The 
elementary analysis and the optical rotation of S-adenosyl-L- 
methionine bromide (1 per cent in water) were as follows: 


C H N S_ Br m.p. [a4 
CisH23NeO;SBr. 
Found. 37.6 4.7 17.4 7.0 16.9 115-120° +416.8 
Calculated. 37.7 4.8 17.5 6.8 16.7 


The specific activity of the labeled carbon of methionine (la- 
beled in the methyl group or carbon 2) or that of similarly labeled 
ethionine underwent only a slight dilution as judged by the spe- 
cific activity of the labeled carbon in the isolated S-adenosylme- 
thionine or S-adenosylethionine. This suggestsa very small 
contribution to the labeled S-adenosyl compounds by the endoge- 
nously elaborated methionine during the time of incubation em- 
ployed in their preparation. 

From chromatographic data, aqueous solutions of the bromide 
salts of S-adenosylmethionine or S-adenosylethionine are stable 
at room temperature for at least 3 days. On hydrolysis with 
0.18 n NaOH for 2 hours the sulfonium salt of methionine yields 
adenine, homoserine, and methionine, and that of ethionine yields 
adenine, homoserine, and ethionine, all of which were identified 
by one- and two-dimensional chromatography. No methionine 
could be detected in overloaded spots of a hydrolysate from S- 
adenosylethionine bromide. On Whatman No. 1 paper and with 
the solvents used by previous investigators (1, 2) an Rp value for 
S-adenosyl-t-methionine was obtained identical to that reported 
by these investigators. However, the paper chromatogram on 
standing slowly developed a faint pink color with ninhydrin in a 
zone directly above the S-adenosylmethionine spot. In contrast 
to S-adenosylmethionine spot, this spot evinced no ultraviolet 
absorption. Whether this faint extra spot represents contamina- 
tion in our product or whether it is an artifact developed during 
chromatography is at present uncertain. This point is being 
elucidated further.’ 

Experiments in Vitro—The substrates were added to 25 ml. of 
Ringer phosphate buffer (0.01 m phosphate), containing Mg*+ 


3’ Two diastereoisomers of S-adenosylmethionine are possible, 
due to two centers of asymmetry, when it is prepared from L- or 
p-methionine. The designation of our product as S-adenosyl-.- 
methionine indicates only that is was prepared from L-methionine, 
and not its diastereoisomeric configuration. Which of the two 
possible diastereoisomers of S-adenosylmethionine is formed in 
yeast from L-methionine, or which of the two possible forms is 
the active form in animal tissues remains to be elucidated. The 
yeast seems to lack specificity by being able to synthesize S- 
adenosylmethionine from either L- or p-methionine (2), although, 
in unpublished experiments, we observed that Fleischmann’s 
baker’s yeast synthesizes only about one-tenth as much S-adeno- 
sylmethionine or S-adenosylethionine from p-methionine or 
p-ethionine, respectively, as it does from the corresponding L- 
enantiomorphs. 


S-Adenosylmethionine Metabolism 





Vol. 233, No. 2 


of pH 7.4 (4), and either slices of normal rat liver were added to 
the solution or the liver was homogenized in the supplemented 
buffer. The preparation was then incubated at 37° for 2 hours 
inair. For the isolation of choline, 1 mmole of choline was added 
to the mixture at the end of incubation period, followed by 5 ml. 
of a 25 per cent solution of TCA; the slices were homogenized, 
and the mixture filtered. The insoluble material was extracted 
with boiling ethanol, followed by ethyl ether, and the extracts 
were added to the filtrate. Total choline was isolated from the 
combined solution as the reineckate (5, 6), the latter was de- 
graded, choline was converted to the chlorplatinate, and its ac- 
tivity assayed. Choline chlorplatinate was then degraded to 
trimethylamine, and the latter was assayed as the chlorplatinate. 
For the isolation of creatine as the creatinine-potassium-picrate 
(7), 1 mmole of creatine was added to the mixture after the incu- 
bation period, followed by 5 ml. of a 25 per cent solution of tri- 
chloroacetic acid, and the mixture was filtered. The creatinine- 
potassium-picrate was isolated from the filtrate after digestion 
with acid (7). In control experiments it was shown that the 
digestion of S-adenosyl-L-methionine-CH;-C" with alkali or acid 
in solutions containing nonradioactive choline or creatine (un- 
der the conditions of isolation of choline and creatinine), yields 
choline or the creatinine derivatives which are completely free 
from radioactivity. Thus, contamination of the isolated choline 
and creatinine derivatives by the radioactive substrate S-adeno- 
sylmethionine seems unlikely under the conditions of our experi- 
ments. In experiments on cysteine synthesis by liver homogen- 
ates, 2 mmoles of cysteine-HCl-H.O were added to the mixture 
after the incubation period, followed by 5 ml. of a 25 per cent 
solution of TCA, and the mixture was filtered. In the filtrate 
plus water washings cysteine was oxidized to cystine with an al- 
coholic solution of iodine (8), the pH was adjusted to 4 to 4.5 
with ammonia, and the precipitated cystine was recrystallized to 
constant activity. 

Experiments in Vivo—All rats employed in this study were of 
Wistar-Carworth strain, born and raised in our colony. At the 
time of experiments they were maintained on a complete diet, 
containing 24 per cent of casein, supplemented with all known 
vitamins. In general, the experimental procedure was as follows: 
the isotopic compound was injected intraperitoneally in a single 
dose, the animal was placed in a respiratory CO: collection ap- 
paratus, and the expired CO, was collected hourly for 5 hours, 
precipitated as the BaCO;, washed, dried, weighed, and its total 
activity assayed (Table I). At the end of the 5 hour period, the 
animal was killed, the hide was discarded, and the metabolites 
were isolated from the entire carcass by the procedures previously 
described (5-7). Two to three animals per experiment were used. 
All radioactivity assays were performed in a Geiger-Miiller thin 
window counter, with an accuracy of +5 per cent. The calcu- 
lations of total activity recovered were based on the known 
amounts of carrier added during the isolation of metabolites in 
experiments in vitro, and on the known amounts of total choline 
and creatine-creatinine in rat tissues (9). 

Substrates—t-Serine-3-C™, t-methionine-CH;-C", guanidoace- 
tic acid, ATP, and GSH were commercial products of established 
chemical and chromatographic purity. L-Homocysteine was pre- 
pared from S-benzyl-t-homocysteine (10). 1-Cystathionine-3- 
C“ (C™ in the carbon 3 of the a-aminopropionic acid end of 
cystathionine) was prepared from L-cystine-3-C™ by reduction 
with sodium in liquid ammonia and condensation of cysteine-3-C™ 
with 1-3,6-bis-(8-chloroethyl)-2,5-diketopiperazine (11). I- 
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TABLE I 
Oxidation of methionine-CH;-C™ or of S-adenosyl- 
methionine-CH;-C™ in rat 


| 





Per cent of total activity in 
COz 

















| respiratory 
Radiocompound injected* Rat No. ee | ‘ 
Total 
| 1 | 2 | 3 | 4 | 5 
| 

t-Methionine-CH;-C™. . 1 1.7 6.7| 2.6) 1.5) 1.1/23.6 
t-Methionine-CH;-C™. .. 2 {12.0} 6.3) 2.8) 1.2| 1.2/23.5 

S-Adenosyl-L-methionine- | i 4 
RS Co dato as bes 3 5.5 7.2} 6.1) 5.0) 4.7/28.5 

S-Adenosyl-L-methionine- 
RRR 4 | 5.7) 7.3} 6.0) 5.0, 4.928.9 

S-Adenosy]-L-methionine- | | | 
WR occ ccs: me 6.0) 7.0) 5.8) 4.8) 4.7/28.3 


* 51 umoles of radiocompound (total activity, 1.29 X 10° ¢.p.m.) 
were injected intraperitoneally in a single dose into 3 month-old 
female rats, weighing 200 to 210 gm., and the respiratory CO» was 
collected hourly for 5 hours. 


TaBLe II 


Synthesis of choline and creatine from methionine CH;-C™ or from 
S-adenosylmethionine-CH;-C™ in intact rat 


bool 





Total activity recovered, 








| per cent 
Radiocompound injected* | Rot | Pte a 

cues | Lin my = | Creati- 

| 0) “a ear nine 

L-Methionine-CH;-C". . SR | 29.5 | 27.6 | 4.8 
u-Methionine-CH;-C™.............| 2 | 30.0 | 28.5 4.6 
S-Adenosyl-L-methionine-CH;-C™"..| 3 | 5.9 4.9 11.1 
S-Adenosyl-L-methionine-CH;-C™..| 4 6.0) 5.1 | 10.6 
S-Adenosyl-t-methionine-CH;-C™..| 5 | 5.8! 4.7 | 11.2 





* 51 umoles of radiocompound were injected intraperitoneally 

in a single dose per rat. After collection of respiratory CO, for 
5 hours (the same rats were used as described in Table I), the 
animals were killed, the hides were discarded, and the metab- 
olites were isolated from the entire carcass. Total activity in- 
jected per animal, 1.29 X 10° c.p.m. 
Cystine-3-C™ was prepared from tL-cysteine-3-C™ by oxidation 
with an alcoholic solution of iodine (7), and L-cysteine-3-C™ was 
prepared enzymatically from pi-serine-3-C"™ and L-homocysteine 
without the use of carrier cysteine, employing rat liver homogen- 
ate on a large scale, as described in this paper (Table IV). 


RESULTS AND DISCUSSION 


The data in Table I show that although the per cent of oxida- 
tion of the radiomethyl group carbon of S-adenosy]l-L-methionine 
to respiratory CO. was somewhat higher than that of t-methi- 
onine-CH;-C™, the extent of oxidation of the radiomethyl group 
carbon of methionine to respiratory CO: was considerably higher 
than that of S-adenosylmethionine during the first hour. The 
data in Table II indicate that the radiomethyl group of methi- 
onine was incorporated into tissue choline of intact rats much 
more efficiently than was the radiomethy] group of S-adenosylme- 
thionine. On the other hand, the extent of incorporation of the 
radiomethyl group of S-adenosylmethionine into tissue creatine 
of intact rats was considerably higher than that of the radio- 
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Taste III 
Synthesis of choline and creatine from methionine-CH;-C™ or from 
S-adenosyl-L-methionine-CH;-C™ by rat liver homogenates 
or slices 








Total activity recovered, per cent 


Homogenates 





Radiosubstrates* ogg) Saree >. iacermes ™ Ve 
; l wae 
| cuanil i my on a Choline | ~~ 
| choline | | me choline 
Sa IRAN or scemres Werazemeee: Wineaiean tenet —akenees Uaioe bones) Vamras 
L-Methionine- | | | 
ClO" ........ | 6 | 0.11 | 0.03 | 0.20 | 0.22 | 0.11 
L-Methionine- 
CH,-C"........ | 7 (0.12 | 0.03 | 0.22 | 0.26 | 0.14 
S-Adenosy]-.- 
methionine- 
CR sc | 8 | 4.51 | 3.67 | 5.27|1.91| 1.70 
S-Adenosyl-t- | 
methionine- 
CHs-C"........ | 9 | 5.00) 4.10 | 5.00) 1.78) 1.62 











* 20 umoles of radiosubstrates and nonradioactive dimethyl- 
aminoethanol or guanidoacetic acid, 25 ml. Ringer phosphate 
(0.01 m phosphate), containing Mg**, pH 7.4, 4 gm. liver slices, 
or 4 gm. liver. The mixture was homogenized and incubated at 
37° for 2 hours in air. In each experiment, the homogenate and 
slices were prepared from the liver of the same rat. At the end 
of incubation, 1 mmole of choline or creatine was added to the 
incubation mixture, followed by 5 ml. of 25 per cent TCA. Total 
choline and creatine (as creatinine potassium picrate) were iso- 
lated as described in the text. Total activity in the radiosub- 
strates, 5.5 X 105 c.p.m. 


TaBLe IV 
Synthesis of cysteine from serine-3-C' and methionine, S-adenosyl- 
methionine, or homocysteine, or from cystathionine-3-C™ 
by rat liver homogenates 


Substrates* Per 2 eee 
L-Serine-3-C™, GSH.... 0.40 
+ L-methionine. . 0.54 
+ t-methionine, ATP.. 0.92 
+ S-adenosyl-L-methionine ; 7.37 
+ S-adenosyl-L-methionine, guanido- 
acetic acid..... a spe dealt: 7.29 
+ t-homocysteine 26.46 
L-Cystathionine-3-C™, GSH . 50.00 


* 30 umoles of radiosubstrates (total activity, 300,000 ¢.p.m.) 
or nonradioactive substrates, 2 gm. liver, 25 ml. Ringer phosphate 
(0.01 m phosphate), containing Mg** pH 7.4, homogenized and 
incubated at 37° for 2 hours in air. 2 mmoles of cysteine-HCl- 
H,O were added to the mixture after incubation, followed by 5 
ml. of 25 per cent TCA. Cysteine in the filtrate was oxidized to 
cystine with an alcoholic iodine solution; cystine was precipitated 
at pH 4.5, and recrystallized to constant activity. 


methyl group of methionine. No precise explanation for the dif- 
ferences in the extent of synthesis of choline and creatine from 
methionine and S-adenosylmethionine in intact rats can, of 
course, be given. Differences in the permeability of the two 
compounds to the interior of the cells, the relative stability of 
the two compounds in the intact rat, the possibility that only 
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one diastereoisomer of S-adenosylmethionine injected was meta- 
bolically available, and other factors, which would only complicate 
the elucidation of the data, could be invoked in the explanation 
of the results.‘ 

The data of experiments in vitro, recorded in Table III, show 
that S-adenosyl-1-methionine is by far the more efficient source 
of the radiomethyl group of choline and creatine than is methi- 
onine, particularly in whole liver homogenates. Under the con- 
ditions of experiments, the extent of synthesis of creatine from 
guanidoacetic acid and S-adenosylmethionine was greater than 
that of choline from dimethylaminoethanol and S-adenosylme- 
thionine. It will be noted also that under conditions in vitro, 
the chain moiety of choline, which was isolated after incubation 
of methionine-CH;-C" with dimethylaminoethanol and liver 
homogenates, contained a high proportion of the total isotope 
content of choline. In contrast, the chain moiety of choline, 
isolated after the incubation of S-adenosyl-Lt-methionine-CH;-C™ 
with dimethylaminoethanol and liver homogenates, contained a 
considerably smaller proportion of the total isotope content of 
choline. These results are, perhaps, a reflection of the relative 
extent of oxidation of the methyl group carbon of the two com- 
pounds in rat liver homogenates to 1l-carbon moieties (form- 
aldehyde-formate) and incorporation of these into the 8-carbon 
of serine, from which the ethanolamine moiety of choline is then 
elaborated. It has previously been shown (12) that the methyl 
carbon of methionine undergoes oxidation in vitro to formalde- 
hyde and formate. Similar demonstration for the oxidation of 
the methyl group carbon of S-adenosyl-1-methionine is, however, 
lacking. As a speculation, should the methyl group of methi- 
onine prove to be more exposed to oxidation to l-carbon de- 
rivatives than that of S-adenosylmethionine in vitro or in vivo, 
the “activation” of methionine by ATP to S-adenosylmethionine 
may constitute the means for limiting the oxidation of the methyl 
group of methionine in animal tissues.° 


*5 hours after the injection of methionine-CH;-C* into rats, 
about 32 per cent of total activity administered was recovered in 
methionine of total proteins, and 16 per cent of total activity 
injected as S-adenosyl-t-methionine-CH;-C' was recovered in 
methionine of the rats 5 hours after the administration. The 
exact mechanism of formation of methionine from S-adeno- 
sylmethionine can only be conjectured at this time, but the 
possibility of a transfer reaction, involving the adenosy] moiety 
of S-adenosylmethionine, to nucleotides with concomitant forma- 
tion of methionine is one of the interesting possibilities. The 
formation of methionine from S-adenosylmethionine in the intact 
rat may, of course, be a reflection of nonenzymatic changes, in 
view of the instability of S-adenosylmethionine at alkaline pH 
with the formation of methionine (see text). 

5’ We are aware that the data of experiments in vivo and in 
vitro are not quantitatively comparable, due to obviously different 
experimental conditions. The data on the relative rates of 
oxidation of the CH;-C’* group ef labeled methionine and S8- 
adenosylmethionine in vivo and the data on the extent of in- 
corporation of C** of the C'*-labeled methyl groups of methionine 
and S-adenosylmethionine into tissue serine in vivo are, however, 
consonant with the in vitro data on the relative extent of in- 
corporation of the C'* of the radiomethyl groups of labeled 
methionine and S-adenosylmethionine into the chain moiety of 
eholine via preliminary oxidation of the CH,;-C** group to a one- 
earbon intermediate. 5 hours after the injection of methionine- 
CH,-C* into rats about 3 per cent of total activity was recovered 
in total protein serine, whereas only traces of activity were found 
in tissue serine 5 hours after injection of 8-adenosylmethionine- 
CH,-C*, 
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The data of experiments in vitro, recorded in Table IV, demon- 
strate that S-adenosyl-t-methionine is indeed a much better 
source of sulfur in the synthesis of cysteine from serine than is 
methionine. The extent of S-adenosyl-1-methionine formation 
from methionine in vitro is apparently limited by the presence of 
phosphatases in the homogenate. It seems likely, on the basis 
of the data of Cantoni (13), that the homocysteine arose from 
S-adenosyl-t-methionine via S-adenosyl-t-homocysteine which 
was formed on the transfer of the methyl group to an acceptor. 
Apparently, under the conditions of our experiments, maximum 
transfer of the methyl of S-adenosylmethionine has taken place, 
because the addition of guanidoacetic acid to the incubation mix- 
ture did not increase the extent of synthesis of cysteine, and 
hence, presumably, did not increase the amount of available 
homocysteine. Another possibility is that the addition of guani- 
doacetic acid increased the extent of transfer of the methyl of 
S-adenosylmethionine and the amount of available S-adenosyl- 
homocysteine, but the availablity of homocysteine was limited 
by the formation of homocysteine from S-adenosylhomocysteine. 
Since the extent of cysteine formation from homocysteine and 
serine was considerably greater than from S-adenosylmethionine, 
however, it would appear logical to conclude that homocysteine 
is the more direct source of cysteine sulfur than is S-adenosyl- 
homocyteine, and that the extent of cysteine synthesis from 
S-adenosylhomocysteine is limited by the rate of formation of 
homocysteine from it. 

On the basis of the data of experiments in vitro recorded in 
Table IV, the sequence of steps leading to the formation of cys- 
teine from serine and methionine seems to be methionine — 
S-adenosylmethionine — S-adenosylhomocysteine — homocys- 
teine; homocysteine + serine — cystathionine — cysteine. 
This crude scheme does not exclude the possible formation of 
intermediates, not indicated here, nor does it indicate the cofac- 
tors involved in each step. Of some importance to note here 
is that the extent of formation of cysteine from methionine ap- 
pears to be a function of the extent of transmethylation to vari- 
ous acceptors. For example, the limited synthesis of choline 
from methionine-CH;-C" in the folic acid-deficient rat (8) was 
reflected in the limitation of the synthesis of cysteine from gly- 
cine-2-C* (14) and from methionine-S* (15). In this case, folic 
acid deficiency limited the synthesis of serine from glycine, and 
apparently the synthesis of the direct acceptor of the methyl of 
methionine for choline formation was also limited by the defi- 
ciency in folic acid (9, 16). Administration of ethionine to rats 
inhibited the synthesis of cysteine from methionine (17) as well 
as the extent of transfer of the methyl of methionine to choline 
(18). In the case of ethionine experiments, limited transmethyl- 
ation from methionine to choline was, perhaps, a reflection of 
the limited synthesis of S-adenosylmethionine from ATP and 
methionine, due to an apparent competition for ATP between 
methionine and ethionine in vivo (19) as the common substrate 
in the “activation” of both. The formation of S-adenosylethi- 
onine from ATP and ethionine by rat liver preparations has re- 
cently been demonstrated (20). 

The data from experiments in vitro presented justify the con- 
clusion that the methyl group of S-adenosyl-L-methionine is the 
more direct source of the methyl group of choline than is that of 
methionine, The question arises, however, whether S-adenosyl- 
L-methionine is the source of the three methyl groupsof choline by 
transmethylation to ethanolamine by a stepwise methylation to 
give successively methylaminoethanol, dimethylaminoethanol, 
and, finally, choline. Our previous data (16) indicated that the 
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direct acceptor of the methyl of methionine in the intact rat is 
not ethanolamine or methylaminoethanol but dimethylamino- 
ethanol, and that the methyl groups of dimethylaminoethanol 
do not originate from methionine by transmethylation, but that 
they are elaborated de novo from 1-carbon precursor, probably 
formaldehyde, through the mediation of a folic acid derivative 
as a cofactor, probably tetrahydrofolic acid. On the basis of 
this information it would seem likely that the direct acceptor of 
the methyl group of S-adenosyl-t-methionine in the biosynthesis 
of choline is dimethylaminoethanol, the transfer being mediated 
by a specific methylpherase. A more detailed account of studies 
on the mechanism of choline biosynthesis will be presented at a 
later date. 


SUMMARY 


1. A convenient method is described for the isolation of iso- 
topically labeled S-adenosylmethionine and S-adenosylethionine 
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as the bromide salt from yeast cultures which were incubated 
with methionine or ethionine, respectively. 

2. In experiments in vitro, S-adenosyl-t-methionine-CH;-C™ 
proved to be a far more efficient source of radiomethy] group in 
the synthesis of choline and creatine than methionine-CH,;-C". 
In intact animals, the extent of incorporation of the C™ of 
methionine-CH;-C™ into tissue choline was greater than from 
S-adenosyl-1-methionine-CH;-C", the reverse being true in 
the case of incoporation of C™ into tissue creatine-creatinine. 

3. In liver homogenates, S-adenosyl-t-methionine was a better 
source of homocysteine than methionine in the synthesis of 
cysteine from serine, but it was less efficient in the synthesis of 
cysteine, in the presence of serine, than homocysteine. Ap- 
parently, the synthesis in vitro of cysteine from S-adenosyl-1- 
methionine and serine is limited by the extent of formation of 
S-adenosylhomocysteine or by the extent of formation of homo- 
cysteine from S-adenosylhomocysteine. 
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During the investigation of the formation of choline and be- 
taine in leaf disks of Beta vulgaris it was found that formate con- 
tributed its carbon essentially exclusively to the N-methyl groups 
of choline and betaine, while the a-carbon of glycine was dis- 
tributed equally between the N-methyl groups and the C.-moiety 
of these compounds (1). This distribution of radioactivity raised 
the question as to whether choline and betaine were formed in 
this system via serine and aminoethanol, a pathway already es- 
tablished in animals and Neurospora crassa (2, 3, 4), or by direct 
methylation of glycine to betaine (5). Whereas the latter path- 
way appeared unlikely from considerations of the specific ac- 
tivities of the isolated choline and betaine, the former reaction 
sequence seemed irreconcilable with the findings of Sakami (6) 
and of Siekevitz and Greenberg (7), which indicated that formate 
is a precursor of the 6-carbon of serine and therefore should con- 
tribute its carbon to the C.-moiety of choline and betaine. 

In the meantime, evidence has accumulated that in some sys- 
tems formaldehyde and formate are not incorporated into serine 
(8) and that the a-carbon of glycine seems to have a different 
synthetic potential from other conventional one-carbon pre- 
cursors (9). 

In the present paper our previous investigations have been 
extended, and evidence has been obtained that serine and amino- 
ethanol are indeed intermediate in the formation of choline and 
betaine in B. vulgaris, and that formaldehyde and formate, al- 
though efficient precursors of the N-methyl carbon of choline and 
betaine, are relatively poorly utilized for the formation of the 
B-carbon of serine. 


MATERIALS AND METHODS 


Incubation—Leaf disks of B. vulgaris were infiltrated with ap- 
propriate solutions in dilute phosphate buffer at pH 6.8. The 
infiltrated disks, from which excess solution had been poured, 
were allowed to metabolize for 2 hours at room temperature in 
the semidark, unless otherwise indicated. 

The leaf material was processed for chemical isolation as previ- 
ously described (1). The leaf disks were ground with sufficient 
95 per cent ethanol to give a final concentration of 70 per cent, 
and the precipitate left after centrifugation was washed several 
times with 70 per cent ethanol. The combined supernatant solu- 
tion and washings were taken to dryness and the residue taken 
up in sufficient water to give a final concentration representing 
the extract of approximately 3 gm. of fresh leaf disks per ml. of 
water. Aliquots of this crude aqueous solution, appropriately 
acidified where required, were used for the chemical isolations 
outlined below. 

A number of preliminary experiments were carried out in which 
the constituents of interest, glycine, serine, aminoethanol, choline, 
and betaine, after suitable additions of carrier, were isolated by 


chromatography on a Dowex 50 column (10,11). However, the 
column separation proved to be time-consuming and when it 
was found that the radioactivity of the isolated serine was com- 
parable with that of the residual glycine, the isolation procedure 
outlined below was adopted. 

Chemical Fractionation—To a suitable aliquot of the crude 
aqueous extract (5 to 10 ml.) enough carrier pL-serine was added 
to give a final concentration of 50 mg./ml.; in addition, about 20 
mg. of carrier choline chloride and 145 mg. (0.10 ml.) of carrier 
2-aminoethanol were added and sufficient dilute HCl to bring the 
final pH to about 4.5. Since the concentrations of serine, amino- 
ethanol, and choline were not determined before addition of the 
carrier, it was essential to add the same quantity of carrier to a 
given aliquot of leaf extract in any one set of experiments so that 
the specific activities of each of the isolated metabolites in the 
set would be comparable. Total activities were calculated by 
multiplying the specific activities by the weight of added carrier. 
Carrier added before incubation (see Experiments 5 and 6) was 
included in the calculations. 

Isolation of Serine—The acidified extract was centrifuged and 
the residue washed once or twice with water and then discarded. 
Serine was isolated from the combined supernatant solution and 
washings by the addition of 5 volumes of 95 per cent ethanol and 
purified by repeated recrystallization from water-ethanol (1:5) 
as outlined by Winnick et al. (12). All serine samples were re- 
crystallized until constant specific activity was obtained. Con- 
trol experiments with labeled glycine and unlabeled serine showed 
that after 9 to 12 such recrystallizations serine was quantitatively 
separated from glycine. 

Isolation of Aminoethanol—The supernatant solutions from the 
first 5 or 6 recrystallizations above were pooled, acidified, evapo- 
rated to dryness, and taken up in5 ml. H,O. The aqueous solu- 
tion was steam distilled in the presence of excess Ca(OH)2. Ap- 
proximately 700 ml. were collected until the distillate was no 
longer alkaline. The steam distillate was acidified and concen- 
trated to a small volume. 

Aminoethanol was isolated from the concentrated steam distil- 
late by subjecting the solution to continuous extraction with ether 
containing an excess of 3,5-diiodosalicylic acid according to the 
method of Elwyn et al., (3) and the 3,5-diiodosalicylate so ob- 
tained was recrystallized to constant specific activity from abso- 
lute ethanol-petroleum ether (1:4 (3)). A typical sample 
melted at 196-198° without depression of the melting point on 
the admixture of the authentic compound. (The latter melted 
at 198-200° in agreement with the data of Elwyn et al. (3)). In 
our hands, the yields of the 3,5-diiodosalicylate of aminoethanol 
were low (about 20 per cent of the aminoethanol present in the 
steam distillate after 30 hours of extraction). In a few instances 
the crystals would not separate out into the ether phase due to 
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the presence of moisture. Under these conditions a large excess 
of anhydrous Na2SO, was added and, after standing overnight, 
the solid residue was extracted several times with hot absolute 
ethanol. The extract was concentrated, decolorized with char- 
coal, and the aminoethanol 3 , 5-diiodosalicylate was precipitated 
by the addition of at least 4 volumes of petroleum ether, and re- 
crystallized to constant specific activity. 

Isolation of Choline and Betaine—The residue from the alkaline 
steam distillation was freed of solids and after suitable pH ad- 
justment of the solution, choline and betaine were isolated as the 
reineckates as previously described (1). 

Degradation of Serine—Serine was degraded by the method of 
Sakami (13), except that the formaldehyde from the 6-carbon 
(C-3) was isolated and assayed as the dimedon derivative (7), 
after distillation into aqueous dimedon. The derivative was re- 
crystallized from 1:1 ethanol-water to constant specific activity. 

The specific activity of the a-carbon of serine (C-2) was ob- 
tained by subtracting the specific activities of the carboxyl carbon 
(C-1), (assayed as BaCO;), and of the 8-carbon from the total 
specific activity of the serine sample. 


RESULTS 


As can be seen by reference to Table I, formate-C™ and glycine- 
2-C™ are actively incorporated into choline and betaine by leaf 
disks of B. vulgaris. Formate is considerably more efficient as a 
contributor to the quaternary compound than is the a-carbon of 
glycine (Experiment 2). Formaldehyde and formate are in- 
corporated into the choline and betaine molecules to approx- 
imately the same extent. This is in agreement with our 
earlier results (1) as well as those of du Vigneaud et al. (14). 
Considerable variability was observed in the extent to which 
betaine was labeled, depending upon the plant material used and 
for reasons at present not clear. In some experiments little or 
no label appeared in the betaine of leaf disks which actively in- 
corporated radioactivity into choline (Experiment 1). The use 
of glycine-1-C" results in little or no labeling of either choline or 
betaine. 

Formate-C" and formaldehyde-C™, the labels from which ap- 
pear primarily in the N-methyl carbon of choline, did not yield 
any label to aminoethanol; neither did glycine-1-C™. Glycine- 
2-C™ and uniformly labeled serine, however, in every case gave 
significant levels of radioactivity in the aminoethanol molecule. 
This is consistent with the assumption that aminoethanol is 
formed by the decarboxylation of serine (2, 3, 16). The total 
activity fixed in the aminoethanol fraction was in every case 
relatively small and of the same order of magnitude as that found 
in choline. No reasonable estimate could be made of the relative 
pool sizes of these molecules and the isolation procedures used 
were such that the hydrolysis of phospholipids would not be ex- 
pected (3,11). The addition of large amounts of inactive amino- 
ethanol to leaf disks before incubation (Experiments 5 and 6) 
had little effect on the amount of radioactivity trapped in that 
fraction. Similar results were obtained by Horner et al. (17) in 
their studies of arginine synthesis from guanidoacetic acid. The 
infiltration of inactive aminoethanol did to some extent suppress 
the appearance of the label in the choline fraction in these ex- 
periments and the fraction of radioactivity trapped in serine was 
significantly increased. The amount of radioactivity remaining 
in the glycine fraction was about twice as great as it was when 
no aminoethanol was infiltrated along with the isotopic glycine. 
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TaBLe I 
Incorporation of C'* from various precursors into serine, 
aminoethanol, choline, and betaine by leaf disks of 
Beta vulgaris 


The radioactive precursors at a concentration of 10 to 20 umoles 
per 100 ml. in 0.003 to 0.005 m phosphate buffer, pH 6.6 to 6.8, 
were introduced by vacuum infiltration and the leaf disks allowed 
to metabolize for 2 to 2} hours in the semidark. 30 to 50 gm. leaf 
disks were used per vessel, and the data of any one experiment 
are referred to the same weight of fresh leaf disks for each vessel. 





















































Ex- Per cent of activity fixed 
fame Age of beets Substance infiltrated j , — 
No. Sesinn Sate. oq Betaine 
— — ee | 
total c.p.m. | 
1 | 8 mos. Formate-C"¥,29X|0 | 0 (0.72) 0 
105 
2 | 4-6 wks.| A) HCHO-C"™ 2.2 x 10 1.10) <0.01 (3.00 
B) Formate-C™ 9.0 X 1.06) 0 |2.84 
105 | 
| 
C| Glycine-2-C" 1.8 X |20.00| 0.83 - 0.40 
10° 
3 | 7-8 wks.| Al Glycine-1-C" 6.3 X| 7.80) 0 0 0 
108 | 
3 Glycine-2-C™ 7.6 X |10.90} 0.84 -“" <0.06 
| | 108 | 
\C| HCHO-C“1.0 x 10° | 0.35! 0 1.00 <0.08 
4.|9 mos. | Al Glyeine-1-C" 1.2 X | 3.68, 0* 0 
| 10¢* | 
} | 
B, Glycine-2-C" 1.0 X | 7.90 0.50* (0.36, 0.03 
| | 4098 
5 | 2mos. | A) Glycine-2-C 1.5 X |16.00, 1.33 0.67) 0.03 
| | 108 | 
BI Glyeine-2-C" 1.5 x [21.40 0.40 (0.21! 0.03 
| 408 + inactive 
| | aminoethanol 40 | 
mg. 
6 | 6-8 wks. A) Glycine-2-C" 6.2 X | 8.90| 0.54 (0.89! 0 
105 
B| Glycine-2-C" 6.5 X |11.20, 0.45 |0.29| 0 
105 + inactive | | 
| aminoethanol 43 | | 
| | mg. | | 
|C| Glyeine-2-C" 1 x 10° 1.90, 0 0 0 
| (homogenate) 
D} Serine-C¥ 7.2 X 105 | 0.07t |1.03, 0 
(uniformly \(approx.) 
labeled) 
| 








* Obtained from the crude aminoethanol fractions eluted from 
Dowex 50 columns and further purified by paper chromatography 
and preparation of the dinitrophenol derivative. 

t See text. 


It seems that the entire distribution of related compounds was 
shifted in the direction of glycine and serine. 

As would be expected on the basis of similar work with animal 
tissues, both glycine-1-C™ and glycine-2-C™ gave rise to labeled 
serine. Degradation studies (Table II) show that glycine was 
incorporated into serine as a unit, with glycine-1-C™ yielding 
serine labeled exclusively in the carboxyl carbon whereas the 
a-labeled glycine yielded serine labeled in both the 2 and 3 car- 
bon atoms, with the 2 position becoming predominantly labeled 
(7, 15). 

Glycine appeared to be a more effective contributor to the 
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TaBLeE II 
Localization of radioactivity in the serine molecule 























Per cent of activity 
of serine, 
Experiment No. Compound infiltrated 

C-1 C-2 C-3 

2 C | Glycine-2-C™ 0 66 34 
3 A Glycine-1-C™ 100 0 0 
B_ | Glycine-2-C™ 0 | 74 26 

4 A | Glycine-1-C" 100 0 0 
B_ | Glycine-2-C* 0 | 76 24 

5 A | Glycine-2-C" 0 | 69 31 
B_ | Glycine-2-C'*+ aminoethanol| 0 | 85 | 15 








B-carbon of serine than were either formate or formaldehyde. 
Thus, in Experiment 2, 20 per cent of the glycine-2-C" infiltrated 
appeared in serine, about two-thirds of it in the a-carbon and one- 
third in the B-carbon. 

Labeled formate and formaldehyde were incorporated to the 
extent of approximately 1 per cent. By contrast, the radioac- 
tivity of choline obtained from radioactive formate was approxi- 
mately 3 times that obtained from glycine-2-C". We previously 
found (1) that only 50 per cent of the activity in choline arising 
from the a-carbon of glycine resides in the N-methyl groups, 
whereas essentially all of the activity resulting from formate is 
in the latter. The formate, therefore, is about 6 times as effective 
as glycine in its contribution to the N-methyl group of choline, 
whereas glycine is about 6 times as effective as formate in its 
contribution to the B-carbon of serine. 

Serine Formation by Homogenates—A homogenate was prepared 
by blending 26 gm. of leaf tissue in a chilled blender for 3 or 4 
minutes at pH 6.6 and filtering the suspension through 8 layers 
of cheesecloth. Approximately 40 ml., of this filtrate was incu- 
bated for 2 hours in the semidark with 5 umoles of glycine-2-C™. 
At the end of this time ethanol was added to a final concentration 
of 70 per cent and the solution fractionated in the same manner 
as the extract of the infiltrated leaves. 

The homogenate actively incorporated radioactivity from gly- 
cine-2-C" into serine (Table I, Experiment 6-C) but aminoethanol 
and choline received no label. A similar homogenate treated 
with formate-C"™ yielded no label in serine nor in any other non- 
volatile material. Similar observations were made by Sakami 
with nonfortified extracts of pigeon liver (18). 

The data on degradation of serine presented in Table II are 
entirely consistent with established pathways for the synthesis of 
serine in animal tissues. Some differences in the ratio of activity 
in carbons 2 and 3 appear, depending upon the age of the leaf 
tissues used. The presence of added aminoethanol significantly 
depressed the ratio of activity of carbon 3 to that of carbon 2. 


DISCUSSION 


Our previous failure to find label in the C.-moiety of choline 
after the administration of formate-C™ (1), has been traced to a 
relatively inefficient conversion of formate and formaldehyde car- 
bon to serine under conditions giving an active incorporation of 
these compounds into choline and betaine. The a-carbon of 
glycine, on the other hand, is an efficient precursor of both the 
a-carbon and the §-carbon of serine, but a relatively poorer 
source of N-methyl carbon of choline and betaine. These results 
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closely parallel the findings of Arnstein and Neuberger (19) who 
showed that in rats in vivo formate is a relatively better source 
of the S-methyl carbon of methionine than of the 6-carbon of 
serine, and that the reverse is true for the a-carbon of glycine. 

In B. vulgaris, the B-carbon of serine is not an obligatory in- 
termediate in the conversion of formate and formaldehyde to the 
N-methyl carbons of choline and betaine. A similar conclusion 
was reached by Byerrum et al. (20) in their study of the forma- 
tion of nicotine N-methyl groups from formaldehyde in tobacco 
plants. 

The present investigation demonstrates that there is a marked 
difference in what Shemin (9) calls the “synthetic potential” of 
the a-carbon of glycine, on the one hand, and of other one-carbon 
precursors such as formate and formaldehyde on the other. This 
difference is not unique to our system but has become apparent 
recently in other studies. Stekol (21) in studying the effects of 
vitamin By and pantothenic acid deficiencies in the rat found 
that there was a distinct difference in the manner in which these 
deficiences affected the incorporation of the a-C of glycine into 
serine and labile methyl groups as contrasted with the incorpora- 
tion of formate and formaldehyde into these substances. Shemin 
(9) found that neither formaldehyde nor formate could replace 
the a-carbon of glycine in porphyrin synthesis. 

With respect to the formation of serine, Mitoma and Greenberg 
(22) working with rat liver particles, obtained results on the rela- 
tive efficiency of formate and the a-carbon of glycine as precur- 
sors of the 8-carbon of serine agreeing closely with those reported 
here. The N-methyl carbon of sarcosine was an even better 
source of the serine 6-carbon than was the a-carbon of glycine. 
In their study of the conversion of sarcosine to serine in rat liver 
preparations, Mackenzie (8) and Mackenzie and Abeles (23) 
found that the glycine moiety of sarcosine was a precursor for 
carbon 1 and carbon 2 of serine, whereas the N-methyl carbon 
was converted to carbon 3. Neither formaldehyde nor formate 
were incorporated into the 8-carbon of serine in this system. 

The data published herein, when interpreted in terms of our 
earlier observations on the synthesis of choline and betaine from 
glycine and formate, indicate that in the beet plant betaine is 
not synthesized by direct methylation of glycine, but rather by 
a more circuitous series of reactions. Serine, aminoethanol, and 
choline represent likely intermediates in this sequence. 


SUMMARY 


Leaf disks and crude homogenates of Beta vulgaris were pro- 
vided with isotopically labeled glycine, serine, formate, and form- 
aldehyde and after a suitable incubation period the distribution 
of radioactivity in various possible precursors of betaine was ob- 
served. 

Betaine is derived not by the direct methylation of glycine, 
but more probably via the methylation of aminoethanol] and the 
oxidation of choline. The carboxyl carbon of glycine does not 
appear in the betaine molecule, whereas the a-carbon does as 
does the carbon of formate, formaldehyde, and uniformly labeled 
serine. 

Crude homogenates were capable of synthesizing serine from 
glycine-2-C™“ but did not carry the reaction beyond that stage. 

Degradation of serine derived from various isotopically labeled 
sources shows the relative contribution of these sources to the 
different carbon atoms of the serine molecule. 

Possible reaction sequences are discussed. 





Aug 


A 
I 


cs 
eS ee 


1 
Th Ny 





his 


nt 


nin 
ace 


erg 
‘la- 
ur- 
ted 
ter 


ver 
23) 
for 
on 
ate 


our 
‘om 
p is 

by 
and 


ro- 
rm- 
ion 
ob- 


ine, 
the 
not 
3 as 
pled 


rom 
age. 
eled 

the 





a 


August 1958 


zs. 


12. 


C. C. Delwiche and H. M. Bregoff 


433 


REFERENCES 


. Brecorr, H. M., ano Detwicue, C. C., J. Biol. Chem., 217, 


819 (1955). 


. ARNSTEIN, H. R. V., Biochem. J., 48, 27 (1951). 
. Etwyn, D., Wetsspacu, A., Henry, S. A., AND SPRINSON, 


D.B., J. Biol. Chem., 218, 281 (1955). 


. Horowitz, N. H., J. Biol. Chem., 162, 413 (1946). 
. BARRENSCHEEN, H. K., anp VAtyi-Nacy, T., Z. physiol. 


Chem., 277, 97 (1942). 


. Saxamt, W., J. Biol. Chem., 176, 995 (1948). 
. SIEKEviITz, P., AND GREENBERG, D. M., J. Biol. Chem., 180, 


845 (1949). 


. MacKenzig, C. G., In W. D. McEtroy anv H. B. Gtass, 


(Editors), A symposium on amino acid metabolism, Johns 
Hopkins Press, Baltimore, 1955, p. 684. 


. Suemin, D., In W. D. McEtroy, anv H. B. Guass, (Editors), 


A symposium on amino acid metabolism, Johns Hopkins 
Press, Baltimore, 1955, p. 727. 


. EHRENSVARD, G., Rerp, L., Satuste, E., aNp STJERNHOLM, 


R., J. Biol. Chem., 189, 93 (1951). 

PitceraM. L. O., GaL, E. M., SasseNRATH, E. N., AND GREEN- 
BERG, D. M., J. Biol. Chem., 204, 367 (1953). 

Wiynick, T., Mortne-Cuiassson, I., anp GREENBERG, D. M., 
J. Biol. Chem., 175, 127 (1948). 


. Sakai, W., J. Biol. Chem., 187, 369 (1950). 


14, 


15. 


16. 


17. 


18. 


19. 


21. 


pu VIGNEAUD, V., Verty, W. G. L., Witson, J. E., RacHEe, 
J. R., Kessuer, C., anp Kinney, J. M., J. Am. Chem. Soc., 
73, 2782 (1951). 

Nakapa, H. I., FrrepMANN, B., aND We1nuousgE, S., J. Biol. 
Chem., 216, 583 (1955). 

Cuana, I., anp Jounson, C. B., Arch. Biochem. Biophys., 
55, 151 (1955). 

Horner, W. H., Siecex, I., anp Burton, J., J. Biol. Chem., 
220, 861 (1956). 

Saxami, W., In W. D. McE.roy anv H. B. Guass, (Editors), 
A symposium on amino acid metabolism, Johns Hopkins 
Press, Baltimore, 1955, p. 658. 

ARNSTEIN, H. R. V., anp Neusercer, A., Biochem. J., 55, 
259 (1953). 


. Byerrvum, R. U., Rineuer, R. L., Hamiuy, R. L., anp Batu, 


C. D., J. Biol. Chem., 216, 371 (1955). 

Srexo., J. A., InW. D. McE troy, anv H. B. Guass, (Editors), 
A symposium on amino acid metabolism, Johns Hopkins 
Press, Baltimore, 1955, p. 509. 


22. Miroma, C., AND GREENBERG, D. M., J. Biol. Chem., 196, 


599 (1952). 


23. MacKenziz, C. G., anv ABELEs, R. H., J. Biol. Chem., 222, 


145 (1956). 





6-Hydroxy-s-Methylglutaryl Coenzyme A Deacylase’ 


EuGene E. Dexker,f MILTon J. SCHLESINGER, AND Minor J. Coon 
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Previous enzymatic studies (2, 3) have provided evidence for 
the following sequence of reactions in the course of leucine metab- 
olism: 





B-Methylecrotonyl CoA! + HO — HIV CoA (1) 
ATP 

HIV CoA + CO, ——————= HMG CoA (2) 

HMG CoA = acetoacetate + acetyl CoA (3) 


8-Methylerotonyl CoA is hydrated in the presence of enoyl 
hydrase (crotonase) to yield HIV CoA (Reaction 1), and the 
latter compound is carboxylated enzymatically in the presence 
of ATP and bicarbonate to give HMG CoA (Reaction 2). This 
6-carbon dicarboxylic acid derivative is readily converted to 
equimolar amounts of acetoacetate and acetyl CoA (Reaction 3) 
by the action of the specific HMG CoA cleavage enzyme. 

Preliminary investigations have indicated that the cleavage 
reaction is not readily reversible. The condensation of acetyl 
CoA and acetoacetate might occur, however, under conditions 
in which a further enzymatic reaction provides for the removal 
of the HMG CoA formed. In a search for such a reaction, an 
enzyme has been found in animal tissues and certain micro- 
organisms which hydrolyzes the thiol ester bond of HMG CoA 
as follows: 


HMG CoA + H.O — HMG + CoA (4) 


The present paper is concerned with the preparation and prop- 
erties of this deacylase and with its possible metabolic role. 


EXPERIMENTAL 


Enzyme Assay—HMG CoA deacylase was assayed either 
colorimetrically or spectrophotometrically. The colorimetric 
assay is based on the enzymatic hydrolysis of HMG CoA, fol- 
lowed by deproteinization and estimation of the sulfhydryl 
groups liberated. This assay system contains 200 umoles of 
Tris buffer, pH 6.8, 20 wmoles of ethylenediaminetetraacetic 
acid (Versene), and 2 wmoles of synthetically prepared HMG 
CoA. The enzyme preparation to be assayed is added to this 
mixture, the final volume is adjusted to 2.0 ml. with water, and 


* Supported by a grant from the National Institute of Arthritis 
and Metabolic Diseases (Grant A-993), United States Public 
Health Service. A preliminary report of this investigation was 
presented at the meeting of the American Society of Biological 
Chemists at Chicago, April, 1957 (1). 

t Postdoctoral Fellow of the Life Insurance Medical Research 
Fund. 

1 The abbreviations used are: CoA, reduced coenzyme A; acyl 
CoA, thiol ester of coenzyme A; HMG, §-hydroxy-8-methyl- 
glutaric acid; HIV, §-hydroxyisovaleric acid; Tris, tris(hy- 
droxymethyl)aminomethane. 


the tube is flushed with nitrogen, stoppered, and incubated at 
37° for 15 minutes. At the end of this time the tube is placed 
in ice and the incubation mixture is deproteinized by the addi- 
tion of 1.0 ml. of 9 per cent metaphosphoric acid. The protein 
is removed by centrifugation and an aliquot of the supernatant 
solution is used for the determination of sulfhydryl groups by 
reaction with nitroprusside, according to the method of Grunert 
and Phillips (4). Controls without added enzyme and without 
added substrate are included and the small sulfhydryl values 
found for them are subtracted from that measured in the other 
tubes. Under the conditions of the assay, the amount of sulf- 
hydryl groups released was found to be dependent over a limited 
range on the concentration of the deacylase. 

HMG CoA deacylase may also be assayed spectrophoto- 
metrically by determining the rate of reduction of 2,6-dichloro- 
phenol indophenol at 600 mu (5). In this procedure, the assay 
system contains 100 umoles of phosphate buffer, pH 7.0, 5 
umoles of Versene, 0.2 umole of 2,6-dichlorophenol indophenol, 
the enzyme preparation to be tested, and 2 wmoles of syntheti- 
cally prepared HMG CoA in a cuvette in a total volume of 1.5 
ml. The deacylase preparation is omitted from the control. 
After a 4 minute preincubation period, synthetic HMG CoA 
is added to each cuvette as the final constituent. The rate 
of dye reduction after the addition of the thiol ester to the reac- 
tion mixture was found to be constant for several minutes and 
dependent on the concentration of the deacylase over a limited 
range. 

Extraction and Preparation of Enzyme—The following opera- 
tions are carried out at 0° unless otherwise stated. Frozen 
chicken liver, 50 gm., is homogenized in a Waring Blendor with 
50 ml. of 0.5 mM potassium chloride for about 2 minutes. The 
resulting thick suspension is diluted with 50 ml. of 0.5 m potas- 
sium chloride and 2.5 ml. of 1 m potassium phosphate buffer, 
pH 7.4, and stirred mechanically for 30 minutes. The prepara- 
tion is chilled in a bath at —5°, and 100 ml. of alcohol solution 
(prepared by mixing equal volumes of absolute ethanol and 0.5 
M potassium chloride) previously chilled to —20°, are added 
slowly with stirring during 30 minutes. The resulting mixture, 
containing 20 volumes per cent alcohol, is centrifuged at 800 x 
g for 2 hours at —5°. The clear, red supernatant solution is 
dialyzed for 16 hours against 5 liters of 0.01 m potassium phos- 
phate buffer, pH 7.4, and 0.001 m cysteine. The dialyzed ex- 
tract in a typical run contained 3 gm. of protein in a volume of 
205 ml. 

50-ml. portions of the enzyme solution are stirred in a 125 
ml. Erlenmeyer flask in a water bath at 60° until the tempera- 
ture of the solution reaches 58° and they are then rapidly chilled 
in an ice bath. The precipitate of denatured protein is removed 
by centrifugation and discarded. To the supernatant solution 
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containing 1.69 gm. of protein in a volume of 180 ml., are added 
5 ml. of a neutralized solution of 2 per cent protamine sulfate. 
The mixture is allowed to stand for 30 minutes before centrif- 
ugation, and the resulting precipitate is discarded. More 
protamine sulfate is added, if necessary, until drop tests on the 
supernatant solution are negative for both excess protamine and 
excess nucleic acid. 

A volume of alumina C, gel (6) (7.0 mg. per ml.) sufficient 
to give a gel-protein ratio of 0.5, calculated on a dry weight 
basis, is centrifuged lightly and the supernatant fluid discarded. 
The enzyme solution is then added to the packed gel and the 
mixture is stirred for 15 minutes. Removal of the precipitate 
by centrifugation yields a clear, yellowish solution of the deacy- 
lase. The enzyme was found to be purified about 4-fold over the 
liver extract, with a recovery of 45 to 50 per cent. At this 
stage the deacylase preparation loses 25 per cent of its activity 
when stored in the frozen state at —20° for 3 weeks. All at- 
tempts to obtain further purification of the deacylase by frac- 
tionation with ammonium sulfate, alcohol, or acetone, isoelectric 
precipitation, or gel adsorption proved unsuccessful. 

Distribution of Enzyme—HMG CoA is hydrolyzed by extracts 
of kidney, liver, and brain, but not heart, as indicated in Table 
I. In general, acetone powder extracts and alcohol-potassium 
chloride extracts of a particular tissue were found to have about 
the same activity, whereas phosphate or bicarbonate buffer 
extracts were relatively less active. Of the other extracts 
tested, only those prepared from Neurospora crassa, Escherichia 
coli, and Tetrahymena pyriformis appeared to catalyze sulfhydryl] 
liberation from the thiol ester. 

pH Optimum—The chicken liver deacylase is active over the 
pH range 6 to 9, with maximal activity at about pH 7.8, as can be 
seen in Fig. 1. Since it has been found that the rate of reduction 
of 2,6-dichlorophenol indophenol by CoA is only slightly af- 
fected by the hydrogen ion concentration (5), the results pre- 
sented are believed to establish the pH optimum of the deacylase. 

Equivalence of Thiol Ester Disappearance and Sulfhydryl Lib- 
eration from HMG CoA—In accord with the earlier report that 
hydroxylamine interferes with the nitroprusside reaction for the 
detection of sulfhydryl compounds on paper chromatograms (8), 
we have found that the high concentration of hydroxylamine 
usually employed for hydroxamate formation (0.67 m) prevents 
the development of color in the estimation of sulfhydryl groups 
(4). Experiments designed to determine the extent of this 
interference showed that in the presence of lower concentrations 
of hydroxylamine, HMG CoA is quantitatively converted to 
the hydroxamate and the sulfhydryl groups liberated can still 
be estimated accurately. After the incubation of HMG CoA 
in Tris buffer, pH 6.8, and Versene at 37° for 10 minutes to 
destroy traces of the HMG-ethyl carbonic mixed anhydride 
present in the synthetic thiol ester, neutral hydroxylamine 
(at a final concentration of 0.17 m) and acetate buffer, pH 5.4, 
were added. The tubes were flushed with nitrogen and incu- 
bated for 30 minutes at 37°, and separate aliquots were removed 
for the determination of sulfhydryl groups by reaction with 
nitroprusside and for hydroxamate determination. Glutathione 
standards simultaneously carried through this modified pro- 
cedure yielded the theoretical amount of sulfhydryl. In addi- 
tion, appropriate controls showed that the conditions employed 
resulted in the quantitative reaction of the HMG CoA with 
hydroxylamine. 

On this basis, the stoichiometry of the deacylase reaction 
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Distribution of HMG CoA deacylase 


Pig kidney, liver, brain, and heart, spinach leaf, and chicken 
liver were extracted with alcohol in the presence of 0.5 m potas- 
sium chloride by the procedure described in the text. Extracts 
of bakers’ yeast were prepared by plasmolysis with warm toluene 
(7) or by agitation in a Nossal disintegrator. A harvested culture 
of Propionibacterium shermanii was also treated in the disinte- 
grator. The various extracts were dialyzed overnight at 4° 
against 40 volumes of 0.1 M potassium phosphate buffer, pH 7.4, 
containing 0.001 m cysteine. Neurospora crassa, Escherichia coli, 
Tetrahymena pyriformis, and Penicillium notatum were ground 
with Alcoa A-301 alumina in the presence of 0.01 m Tris buffer, 
pH7.4. All extracts were assayed for deacylase activity by reac- 
tion with nitroprusside, as described in the text. 








Specific activity*® 





Source 
Chicken liver...... | 2.0 
Pig kidney...... eet ea 1.4 
es 50.b5e ae SENS ese She 0.8 
Pig brain. i SAS ee 0.5 
Pig heart...... Tats Sec haea 0 
Spinach leaf...... Dewan sweat 0 
WN... (actsated .| 0 
i ORR sass ss 0.8 
|. | er yb Sabihe 0.3 
RO ene ere Ey oar re C.2 
ie ES 5 Ss beara as clea : 0 
PI oo oii vadaiisw cuted eens 0 





* Activities are expressed as micromoles of sulfhydry] liberated 
per 10 mg. of protein under the standard assay conditions. 














30.015 
z ~~ 
2 om 
& ° 
[vv] 
50.010- 
= 
oc 
uJ 
a. 
> 
io 
ct 
oS e 
—) 
at 
= 
-_ 
a. 
o | | j j l l l 
4 6 T 8 9 
1 pH 
Fic. 1. Enzyme activity as a function of pH. Sulfhydryl 


liberation from HMG CoA was measured by the reduction of 
2,6-dichlorophenol indophenol, as described in the text, in the 
presence of the chicken liver deacylase (160 ug. of protein) and 
100 wmoles of Tris buffer as indicated by @, or 100 wmoles of phos- 
phate buffer as indicated by O. 


was established by experiments in which both sulfhydryl] release 
and thiol ester disappearance were measured. Corrections were 
made for slight changes obtained in control experiments in which 
either substrate or enzyme were omitted from the incubation 
mixture. As shown in Table II, the values obtained for sulfhy- 
dry] formation and thiol ester loss as determined by the hydroxa- 
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TaB_e II 
Stoichiometry of HMG CoA hydrolysis 


The reaction mixture was identical to that employed in the 
standard assay employing nitroprusside, except that higher con- 
centrations of substrate (as shown below) and of chicken liver 
deacylase (4.8 mg. of protein) were used. At the beginning of the 
experiment and after an incubation of 15 minutes, aliquots were 
taken for sulfhydryl and thiol ester determinations. HMG CoA 
was estimated colorimetrically as the hydroxamate (9) as de- 
scribed in the text. HMG CoA was incubated for 10 minutes in 
the reaction mixture before the addition of the deacylase in order 
to destroy traces of the HMG-ethyl carbonic mixed anhydride 
present in the synthetic thiol ester. 











| Initial | Final Difference 

| pmoles pmoles pmoles 
Sulfhydryl liberated............... | 0 0.9 | +0.9 
“EMIGN O6teF lost... 02... cceccccnse | 3.5 2.6 —0.9 





mate procedure were essentially equivalent. These findings are, 
of course, in complete accord with a simple hydrolytic mechanism 
for the action of the deacylase. The addition of greater amounts 
of the enzyme resulted in the hydrolysis of a maximum of 50 per 
cent of the synthetically prepared pt-HMG CoA, suggesting that 
only one of the stereoisomers is a substrate for deacylation. 
Identification of HMG as Product of Deacylase Action—HMG 
was identified as the product of deacylase action with the aid of 
paper chromatographic methods. _Synthetically prepared HMG 
CoA was freed of traces of HMG by chromatography on What- 
man No. 3MM filter paper in ethanol-acetate (10) at 4°. The 
single band of HMG CoA (Ry 0.27), which was free of HMG 
(Ry 0.79), was subsequently eluted with cold water. After the 


Tas_e III 
Evidence for HMG CoA as direct substrate for deacylation 

In Experiment 1, the complete system, which was similar to 
that employed in the standard assay, contained 5 umoles of HMG 
CoA, chicken liver deacylase (3.3 mg. of protein), and, where 
indicated, HMG CoA cleavage enzyme (2.6 mg. of protein) puri- 
fied 16-fold from pig heart (2). After incubation of the reaction 
mixtures for 15 minutes at 38°, aliquots were taken for sulfhydryl 
determination according to Grunert and Phillips (4) and for aceto- 
acetate determination by a modification of the method of Barkulis 
and Lehninger (12). In Experiment 2, 2 uymoles of HMG CoA 
were employed in the usual colorimetric assay system. Ten 
umoles of adenylic acid and an ammonium sulfate fraction of 
chicken liver (2.7 mg. of protein) containing HIV CoA carboxyl- 
ase were added as indicated. In Experiment 3, HMG CoA was 
omitted, and 2 umoles of 8-methylcrotonyl CoA and enoyl hydrase 
(crotonase) (0.60 mg. of protein) were added where indicated. 





Experi- | 














—_ Sulfh 1} A - 
ment No. | Additions po = sade Monet 
hw >, pmole pmole 
1 None 0.63 0 
HMG CoA cleavage enzyme 0.63 0 
2 | None 0.12 
HIV CoA carboxylase + adenylic 
| acid 
| | 
} 
3 | B-Methylerotonyl CoA 0 
B-Methylcrotonyl CoA + crotonase | 0 
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incubation of 1.2 umoles of this purified HMG CoA with the 
deacylase under the usual conditions at pH 6.8, the reaction 
mixture was made strongly acidic with 2 Nn sulfuric acid and 
extracted several times with methyl ethyl ketone. The com- 
bined extracts were concentrated and submitted to chromatog- 
raphy on Whatman No. 1 filter paper in n-butanol-formic acid- 
water (11). Spraying with a neutralized solution of bromcresol 
green yielded a single yellow spot (Ry 0.72) corresponding 
exactly to known HMG chromatographed under identical con- 
ditions. No free HMG was observed in control experiments 
without added substrate, and only trace amounts, attributable 
to nonenzymatic hydrolysis of HMG CoA, were detected without 
added enzyme. 

Substrate Specificity—Since the metabolism of HMG CoA is 
known to yield certain other thiol esters, it was necessary to 
establish whether HMG CoA is the true substrate for the deacyla- 
tion. For example, the possibility was considered that HMG 
CoA might be converted by the specific cleavage enzyme in 
animal tissues to acetoacetate and acetyl CoA (2), with the 
acetyl CoA then being deacylated. This mechanism, which 
seemed unlikely considering that the cleavage enzyme requires 
the presence of an added thiol and has relatively little activity 
at pH values below 7, was eliminated by the findings recorded 
in Table III (Experiment 1). Upon the incubation of HMG 
CoA and the deacylase with or without added cleavage enzyme 
the amounts of sulfhydryl liberated were identical and no sig- 
nificant formation of acetoacetate could be demonstrated in 
either case. The deacylase preparation is known to contain the 
cleavage enzyme, but the latter enzyme is clearly not active 
under the conditions employed. 

The alternative possibility was considered that by the reversal 
of the carboxylation step in leucine metabolism (3, 13), HMG 
CoA might yield HIV CoA, and subsequently, by the action of 
enoyl hydrase, 6-methylcrotonyl CoA. The data presented in 
Table III (Experiments 2 and 3) rule out the possibility that the 
CoA thiol esters of these 5-carbon acids are substrates for hy- 
drolysis by the deacylase preparation. The extent of HMG 
CoA hydrolysis was identical when measured in the usual manner 
or in the presence of added adenylic acid and HIV CoA carboxyl- 
ase to favor HIV CoA formation. Furthermore, when syn- 
thetically prepared 6-methylcrotonyl CoA was tested either 
alone or in the presence of added crotonase to furnish HIV CoA, 
no sulfhydryl liberation could be detected. 

As reported earlier (14), HMG CoA does not serve as a sub- 
strate for the partially purified deacylase from pig heart which 
attacks 6-hydroxyisobutyryl CoA and 8-hydroxypropionyl CoA. 
HMG CoA deacylase is also distinct from acetyl CoA deacylase 
(15) since in the preparation of the former enzyme, as described 
above, the activity toward HMG CoA increases while that 
toward acetyl CoA decreases.2 Specificity is also exhibited by 
the enzyme for the thiol portion of the substrate, for no activity 
was detected with 2 umoles of the HMG thiol esters of cysteine, 
thioglycolic acid, thiomalic acid, or pantetheine. On the other 
hand, HMG glutathione has been found to serve as a substrate 
for the deacylase; in the usual colorimetric assay system, sulfhy- 
dryl is liberated from the glutathione thiol ester at a slightly 
greater rate than that observed for HMG CoA. The addition 
of catalytic amounts of glutathione to a complete incubation 
mixture containing HMG CoA as substrate, however, did not 


? Dr. P. A. Srere has informed us that partially purified palmity] 
CoA deacylase from pig brain has no activity toward HMG CoA. 
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result in greater sulfhydryl] liberation than that observed in a 
complete system containing no added glutathione. This result 
suggests that the mechanism of the deacylation does not involve 
transfer of the HMG residue to glutathione, but a final decision 
cannot be reached since commercial preparations of CoA are 
known to contain small amounts of glutathione. 


DISCUSSION 


Two pathways are presently known for the enzymatic synthesis 
of HMG CoA: (a) the condensation of acetyl CoA and aceto- 
acetyl CoA in the presence of the HMG CoA condensing enzyme 
from yeast or liver, as described by Ferguson and Rudney (16, 
17), and (b) the ATP-dependent carboxylation of HIV CoA, 
which occurs in enzyme preparations from heart and liver (2). 
The data presented above establish the hydrolysis of HMG CoA 
by enzyme extracts from various sources, but the function of the 
deacylase is not yet known. As indicated in Scheme I, the de- 
acylase may possibly couple with the HMG CoA cleavage en- 
zyme in a variety of tissues to effect the over-all reaction: 


Acetoacetate + acetyl CoA + H-O — HMG + CoA (5) 


Free HMG is apparently activated enzymatically in animal 
tissues,3 and it seems probable that the over-all free energy 
change would be about the same whether the condensing re- 
action alone or a combination of the reversal of the HMG CoA 
cleavage reaction, HMG CoA deacylation, and HMG activation 
were employed to synthesize HMG CoA. From our present 
knowledge of metabolism, it is evident that 1 mole of ATP would 
be utilized in the conversion of 1 mole of acetyl CoA and 1 mole 
of acetoacetate to HMG CoA via either of these routes. 

A particularly interesting development in the biogenesis of 
isoprenoid compounds has originated with the identification of 
mevalonic acid as a new growth factor for lactobacilli (18, 19) 
and the finding that this substance is a remarkably efficient 
cholesterol precursor (20). The formation of labeled squalene 
from pL-mevalonic acid-2-C" has been shown in rat liver homog- 
enates by Dituri et al. (21), and by Cornforth et al. (22), and in 
particle-free yeast extracts by Amdur et al. (23). Amdur et al. 
have also demonstrated that mevaldic acid is not an obligatory 
intermediate in the synthesis of cholesterol from mevalonic acid. 
Shunk et al. (24) have reported that pi-mevaldiec acid is a choles- 
terol precursor, as judged by its ability to suppress the incorpora- 
tion of acetate-C™ into cholesterol, but that it is less effective 
than pi-mevalonic acid as a growth factor for Lactobacillus 
acidophilus. The obvious relationship between these compounds 
and HMG suggests the stepwise conversion of HMG CoA to 
mevalonic acid as illustrated in Scheme I. These reactions are 
apparently reversible since preliminary studies in this labora- 
tory have shown the DPN-dependent dehydrogenation of 
mevalonic acid to give the corresponding aldehyde and the 
conversion of mevalonic acid-2-C™ to labeled acetoacetate in 
liver preparations.* Presumably HMG CoA is formed from 
mevalonic acid and yields acetoacetate by the action of the 
specific cleavage enzyme known to be present in liver tissue (2). 

Methods—HMG was synthesized by ozonization of diallylmeth- 


3 The conversion of C''-labeled HMG to cholesterol, which pre- 
sumably involves the intermediate formation of HMG CoA, oc- 
curs in intact animals (31, 32) but not in cell-free liver prepara- 
tions (31, 33). 

‘ Schlesinger, M. J., and Coon, M. J., unpublished experiments. 
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ylearbinol according to the procedure of Klosterman and Smith 
(25) as modified by Rabinowitz (26), and purified by recrystalli- 
zation from anhydrous ether solution by the addition of n-hep- 
tane. CoA (approximately 75 per cent pure, obtained from 
Pabst Laboratories) and the sodium salt of 2,6-dichlorophenol 
indophenol were commercial products. Pantetheine was pre- 
pared by the reduction of pantethine, a commercial product, with 
sodium borohydride. Acetyl CoA was made from acetic an- 
hydride according to the procedure of Simon and Shemin (27), 
and the other thiol esters were prepared by the general method 
of Wieland and Rueff (28). The concentration of thiol esters 
made in this manner was estimated on the basis of sulfhydryl 
disappearance, as determined by the method of Grunert and 
Phillips (4). 

The HMG CoA cleavage enzyme was partially purified from 
pig heart according to the procedure described earlier (2), and 
crystalline enoyl hydrase was prepared according to the directions 
of Stern et al. (29). HIV CoA carboxylase was partially purified 
from chicken liver extracts by Miss Alice del Campillo. The 
protein concentration of the enzyme solutions was determined 
spectrophotometrically by absorption at 280 and 260 mu, with a 
correction for the nucleic acid content (30). 


SUMMARY 


1. The enzymatic hydrolysis of the thiol ester bond of 8- 
hydroxy-6-methylglutaryl coenzyme A (HMG CoA) was dem- 
onstrated in extracts of liver, kidney, brain, Neurospora crassa, 
Escherichia coli, and Tetrahymena pyriformis. This deacylase 
is distinct from the enzyme which hydrolyzes 8-hydroxy- 
propionyl CoA and 8-hydroxyisobutyryl CoA. 

2. A preparation of the deacylase from chicken liver was 
found to attack the glutathione ester but not the cysteine or 
pantetheine thiol esters of 8-hydroxy-8-methylglutaric acid. 

3. It is proposed that the deacylase may couple with the 
B-hydroxy-8-methylglutaryl CoA cleavage enzyme in a variety of 
tissues to accomplish the following over-all reaction: 


Acetoacetate + acetyl CoA + H,O — 
8-hydroxy-8-methylglutarate + CoA 
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Histidine is converted by extracts of liver tissue and by ex- 
tracts of histidine-grown bacteria to the same product, L-a- 
formamidinoglutaric acid (2-4). Liver extracts catalyze the 
formylation of tetrahydrofolic acid by this compound (5, 6) and 
the transfer of the formyl group from formyltetrahydrofolic acid 
to the purine precursors N-glycyl-5-phosphoribofuranosylamine, 
and 4-amino-5-imidazole-carboxamideribonucleotide (7, 8). 
These observations may explain the earlier finding that in ani- 
mals carbon atom 2 of the imidazole ring of histidine is an effici- 
ent precursor of carbons 2 and 8 of the purine ring (9-11). 

Bacterial extracts, in contrast to those of animal tissues, cata- 
lyze the degradation of L-a-formamidinoglutaric acid in the ab- 
sence of added formyl carriers; the products of this degradation 
are glutamic acid and formamide, or glutamic acid, formic acid, 
and ammonia, depending on the organism (2, 4, 12). It seemed, 
therefore, of interest to investigate the role of histidine as pre- 
cursor of purines in bacteria. The results presented in this paper 
indicate that of the bacteria tested, only those that liberate the 
amidine carbon of histidine as formic acid can utilize this carbon 
atom for the synthesis of purines; this single carbon unit is in- 
corporated almost exclusively into carbon 8 of the purine ring, 
and not into carbon 2. 


MATERIALS AND METHODS 


Chemicals—t-Histidine, t-histidine monohydrochloride, t-glu- 
tamic acid, xanthine, and uric acid, were products of the Nu- 
tritional Biochemicals Corporation, Cleveland, Ohio. 1-Histi- 
dine-2-C™“ was synthesized (9, 13, 14) with sodium cyanide-C™ 
supplied by Tracerlabs, Inc., and crystallized as the monohydro- 
chloride hydrate (15). Glycine-2-C™ was a product of Tracer- 
labs, Inc. Sodium formate-C“ was supplied by Nuclear- 
Chicago Corporation. Urocanic acid was a product of the 
California Foundation for Biochemical Research. 

Enzymes—Xanthine oxidase was prepared from cream accord- 
ing to the method of Ball (16). Urease was a product of the 
Nutritional Biochemicals Corporation. 


*This work was supported in part by a research grant (NSF- 
G1295) from the National Science Foundation, and by funds re- 
ceived from the Eugene Higgins Trust. A preliminary report was 
presented before the American Society of Biological Chemists 
(1). 

{Public Health Service Predoctoral Fellow of the National 
Cancer Institute, 1955-1957. The studies reported in this paper 
were taken from a thesis submitted by this author to the Faculty 
of the Graduate School of Arts and Sciences of Radcliffe College, 
Division of Medical Sciences, in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 
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Bacteria—The cultivation of Aerobacter aerogenes, strain 1033, 
has been previously described (17). Pseudomonas fluorescens, 
strain 6, kindly supplied by Dr. Herbert Tabor, was grown in a 
minimal medium (18), pH 7.0, at 24-30° with L-histidine mono- 
hydrochloride or t-glutamic acid as the principal carbon source. 
Salmonella typhimurium, strain 10136, kindly given to us by Dr. 
Philip Hartman, was grown on a modified Werkman’s minimal 
medium, pH 7.0, 37° (17), with t-histidine monohydrochloride 
as the source of carbon. Pseudomonas aeruginosa, Harvard 
Medical School strain, was cultivated on minimal medium (18), 
pH 7.0, at 37° with t-histidine monohydrochloride as the prin- 
cipal carbon source. 

Analytical Methods—Purines were identified and assayed spec- 
trophotometrically (19). Histidine and formate were determined 
colorimetrically (20, 21). The radioactivity of each of these 
compounds and of BaCO; was measured in a windowless propor- 
tional flow counter with 95 per cent argon and 5 per cent carbon 
dioxide as the counting gas. The compounds were counted either 
as infinitely thin films on aluminum planchets or as 5 mg. sam- 
ples (approximate) on stainless steel planchets having an area of 
1.6 sq. cm.; in the latter case the values were corrected to 5 mg. 
with the use of a self-absorption curve determined on BaCOs; 
(22). Sufficient counts were made so that the probable error 
(2 X standard deviation) was less than 5 per cent. The radio- 
activity is generally reported as relative molar activity, 


c.p.m. per mole of isolated compound 





c.p.m. per mole of proffered compound ee S Sad 
in order to permit direct comparison of experiments where the 
molar radioactivity of the initial materials differed. 

Fractionation of Bacterial Cells—A modification of the proce- 
dure of Roberts et al. (23) was used. The bacterial cells (50 to 
100 mg. wet weight) were extracted with 10 ml. of 5 per cent tri- 
chloroacetic acid at 5° for 10 minutes. The residue was treated 
first with 75 per cent ethanol at 80° for 10 minutes, then with a 
mixture of 75 per cent ethanol and ethyl ether (1:1) at 45° for 
10 minutes, and was finally extracted twice with 10 ml. of 5 per 
cent trichloroacetic acid at 100° for 15 minutes. The combined 
hot trichloroacetic acid-soluble fractions were acidified with 0.2 
ml. of 1 nN H»SO, and the trichloroacetic acid was extracted with 
an equal volume of ethyl ether. The aqueous phase contained 
the purine and pyrimidine nucleotides. The material which 
was insoluble in hot trichloroacetic acid consisted of the proteins. 

Isolation of Nucleic Acid Purines (19)—The hot trichloroacetic 
acid extract was evaporated to dryness in vacuo at 50°. The 


1 The abbreviation used is: R.A., relative molar radioactivity. 
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residue was taken up in 0.1 N H»SO, and heated at 100° for 4 
hour to hydrolyze the purine nucleotides; the purines were then 
precipitated as the acid-insoluble silver salts. The purines were 
regenerated by the dissociation of their silver salts with 0.1 N 
HCl, and adenine and guanine were isolated by chromatography 
on filter paper in an isopropanol:HCl:H:;0 solvent or by ion 
exchange chromatography on a Dowex 50 column (1.5 x 15 cm.). 

Degradation of Purines—The guanine fraction eluted from the 
Dowex 50 column (about 2.5 mg.) was evaporated to dryness in 
vacuo. The residue was dissolved in 1.5 ml. of 2.5 n H.SO, and 
deaminated to xanthine (24). 100 mg. of carrier xanthine in 5 
ml. of 1 N NaOH was added to the cooled solution. The xan- 
thine was precipitated twice by the addition of 1 n H2SO, with 
constant stirring to prevent the occlusion of sodium sulfate. 
After washing with water and ethanol the radioactivity of a sam- 
ple of approximately 5 mg. of xanthine was determined. The 
xanthine was degraded by oxidation, first with potassium chlorate 
and subsequently with lead oxide, to yield carbons 8 and 2 
separately as urea, which was converted with the aid of urease to 
barium carbonate, and was counted (24). A control degradation 
experiment carried out with commercial guanine-2-C"™ indicated 
that the carbon 8 fraction in the experiments to be discussed 
may be contaminated with radioactivity equivalent to 10 per 
cent of that found in carbon 2; the carbon 2 fraction is ob- 
tained after the degradation procedure without any detectable 
contamination. 

The adenine fraction from the Dowex 50 column (1.5 to 2.0 
mg.) was similarly deaminated to hypoxanthine, which was con- 
verted to uric acid by the action of xanthine oxidase at pH 7.0 at 
37° (16). To the reaction mixture, which had been freed from 
protein by heating at 100° for 5 minutes and centrifugation, was 
added 90 mg. of carrier uric acid in 5 ml. of 1N NaOH. The uric 
acid was twice precipitated from alkaline solution by the addi- 
tion of 1 n H.SO,, with constant stirring. The crystalline ma- 
terial was washed with water and ethanol and the molar activity 
was determined. The uric acid was degraded in the same man- 
ner as the xanthine. 

Isolation of Histidine—The proteins were hydrolyzed with 6 
Nn HCl, and the histidine was isolated by chromatography with 
an Amberlite IRC-50 acetate column (25). 

Isolation of Formic Acid—Formic acid was separated from re- 
action mixtures by steam distillation; its molar activity could be 
determined directly or after conversion to barium carbonate by 


TaBLe I 


Pathway of histidine degradation and incorporation of 
imidazole carbon 2 into purines 


The organisms were grown for 16 hours in 40 ml. of a minimal 
medium containing 0.1 per cent L-histidine-2-C™ (1.2 K 104 ¢.p.m 
per umole) as the only source of carbon. The identification of the 
metabolic end products and the isolation and analysis of the 
purines is described under “Methods.” 





End product of R.A.* of 


Organism histidine degradation | purinet bases 





Aerobacter aerogenes................ Formamide 0 
Salmonella typhimurium............| Formamide 0 
Pseudomonas fluorescens.......... Formic acid 108 
Pseudomonas aeruginosa............| Formic acid 85 











* See text for definition. 
¢ Adenine and guanine had the same molar radioactivity. 
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oxidation with Hg** (26, 27). The two methods agreed within 
5 per cent; the results provided the experimental basis for a con- 
version factor used to compare molar activity rates at infinite 
thinness with those at 5 mg. 

Isolation of Respiratory Carbon Dioxide—When it was desired 
to isolate the respiratory carbon dioxide, the experiments were 
carried out in sealed 250 ml. Erlenmeyer flasks containing 1 ml. 
of 5 Nn CO--free NaOH in a center well. Growth was stopped by 
the addition of trichloroacetic acid to give a final concentration of 
5 per cent, and the shaking was continued for 3 hours to insure 
collection of all CO: given off during the growth period. A por- 
tion of the sodium hydroxide solution was analyzed in a Van 
Slyke apparatus to determine its content of carbonate, and a 
second portion was treated with a solution of BaCl. and NH,OH 
to precipitate the carbonate. The molar activity of barium car- 
bonate was determined in the usual manner. 


RESULTS 


Pathways of Histidine Degradation and Incorporation of Imid- 
azole Carbon 2 into Purines—The pathways of t-histidine 
degradation in A. aerogenes and in P. fluorescens have been de- 
scribed previously (4). Similar methods were used to demon- 
strate that the pathway of histidine metabolism in S. typhi- 
murium, as in A. aerogenes, leads to the release of the imidazole 
carbon 2 as formamide; on the other hand, in P. aeruginosa, as 
in P. fluorescens, this atom is released as formic acid. In con- 
trast to these organisms, six strains of Escherichia coli were unable 
to metabolize histidine. 

The radioactivity measurements of the purines of bacteria 
which had been grown with histidine-2-C" as the only source of 
carbon were determined. It can be seen (Table I) that of the 
organisms tested, only the pseudomonads which produce formic 
acid from histidine can contribute the amidine carbon to the 
purine bases. This contribution may in part be due to the in- 
corporation of CO2, produced by the oxidation of formic acid, 
into carbon 6 of the purine ring. However, the CO, would be 
diluted by unlabeled CO, derived from the oxidation of glutamate, 
the major product of histidine metabolism (2.8 moles of CO: per 
mole of glutamic acid (4)). The molar activity of the CO: pro- 
duced can therefore not be higher than 27 per cent of that of the 
histidine fed. Consequently the activity of the isolated purine 
base in excess of that figure must be due to the incorporation of 
intermediates of lower oxidation level. 

Sites of “Single Carbon” Incorporation (Table IIT)—In these ex- 
periments, P. fluorescens was grown in a medium containing 
glutamic acid as the major source of carbon and small supple- 
ments of histidine-2-C", formate-C", or glycine-2-C"; the purines 
were degraded chemically to determine the sites of incorporation 
of the labeled carbon. 

This comparison of the utilization of the three labeled com- 
pounds for purine synthesis revealed that histidine and formate 
can serve as precursors of carbon 8, but not of carbon 2, whereas 
the a-carbon of glycine contributes equally to these two ureido 
carbons. The amidine carbon of histidine is much superior to 
formate as a precursor of purine carbon 8 under the conditions 
of these experiments. However, the relative molar activity of 


the purine bases could be increased from 3.6 to 70 by increasing 
the formate concentration of the growth medium from 0.5 to 6.5 
umoles per ml.; a similar increase in the concentration of histi- 
dine in the growth medium increased the relative molar activity 
only moderately, to a value slightly beyond 100. This result 
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indicates that histidine can supply efficiently only one of the 
carbon atoms of the purine ring, and is thus in agreement with 
the result of the degradation experiments. 

The radioactivity of the ureido carbons does not account com- 
pletely for all of the radioactivity found in the purine molecule. 
Formate is rapidly oxidized to carbon dioxide by these organ- 
isms, and the incorporation of CO, derived from formate into 
carbon 6 is presumably responsible for the additional radioac- 
tivity of the purines of the cells grown in the presence of histi- 
dine-2-C™ or formate-C"; this assumption is supported by the 
observation that the calculated activity of purine carbons 4, 5, 
and 6 closely approximates the activity of the isolated respiratory 
carbon dioxide. In the case of the purines derived from glycine- 
2-C™, the much greater radioactivity undoubtedly reflects the 
incorporation of the glycine molecule into carbons 4 and 5. 

Utilization of Histidine in Presence of Formate—In order to ex- 
plore the role of free formate in the conversion of the amidine car- 
bon of histidine to carbon 8 of purines, P. fluorescens was grown 
in a medium containing a small supplement of histidine, together 
with formate in high concentration (Table III). The cells were 
harvested when one-half of the histidine and about one-half of 
the formate had disappeared from the medium. Comparison of 
Experiments 1 and 2 reveals that formate markedly depresses the 
contribution of the amidine carbon of histidine to carbon 8 of 
the purines. The results of Experiments 2 and 3, in which all 
conditions except the position of the label were identical, indicate 
that not all of the amidine carbon of histidine is incorporated 
into the purine ring by way of free formate; if this were the case 
the ratios of the molar activity rates of adenine carbon 8 and of 
CO, should be identical, irrespective of the source of the label. 
Actually, under these experimental conditions, formate is an 
equally good precursor of the ureido carbon 8 and of CO: (ratio, 
0.8), whereas histidine is more readily incorporated into the 
ureido carbon (ratio, 2.1). Furthermore, it was found that in the 
time required for the disappearance of 1 mole of histidine, 46 
moles of formate were oxidized to CO2; consequently, if all of the 
amidine carbon-C™ of histidine (Experiment 2) had to pass 
through formate before incorporation into purine or oxidation to 
COs, it should be diluted 46-fold by unlabeled formate. Ac- 
cording to Experiment 3 the relative molar activity rates of car- 
bon 8 and of CO, in Experiment 2 should then be 1.4 and 1.7, re- 
pectively. It is apparent that the experimentally determined 
value for CO, agrees with the calculated one, whereas the ac- 
tivity of carbon 8 of adenine is more than twice the calculated 
value. Therefore, formate does not appear to be an obligatory 
intermediate in the conversion of the amidine carbon of histidine 
to carbon 8 of the purine. 


DISCUSSION 


The results of the experiments presented in the preceding sec- 
tion show that the pseudomonads which degrade histidine by 
way of formic acid can utilize carbon atom 2 of the imidazole for 
the biosynthesis of purines; this carbon is largely incorporated in- 
to carbon 8 of the purine bases, and very little into carbon 2. A 
similar distribution was observed when formate-C™ was used. 
This distribution contrasts with the equal labeling of carbons 2 
and 8 by the a-carbon of glycine. 

The unequal labeling of the purine ureido carbons could have 
been produced in one of two ways: (a) by unequal utilization of 
the isotopic precursor, or (b) by equal utilization and subse- 
quent exchange of carbon 2 with unlabeled “single carbon” com- 
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Tas._e II 


Incorporation of ‘‘single carbons’’ into purines in 
Pseudomonas fluorescens 

The cells were grown for 16 hours in 300 ml. cultures containing 
L-glutamic acid (14 wmoles per ml.) as the major carbon source, 
and a supplement (0.5 umole per ml.) of L-histidine-2-C™ (1.2 x 
10' c.p.m. per umole), formate-C' (3.5 X 10* c.p.m. per umole), 
or glycine-2-C (2.45 X 10‘c.p.m. per umole). The isolation and 
degradation of the purines is described under “Methods.” 

















R.A. of adenine* | 
Experiment No. and precursor | | Rt 
. Cc-(44+ | 
C8 | C-2 | 5 + 6)t 
1. Histidine-2-C™...... 38.4 | 0.5 | 1.9t 80 
2. Formate-C™........ 0.8 | 0 | 2.8t 
3. Glycine-2-C™....... 5.2 | 5.5 | 38.9 





* Guanine was degraded with very similar results. 

t Calculated by the difference of the activity measurements of 
the adenine and the sum of C-8 and C-2. 

t Corresponds to the R.A. of the respiratory COs. 


TaBLe III 


Utilization of histidine in presence of formate 


Pseudomonas fluorescens was grown in 250 ml. Erlenmeyer flasks 
containing 1 ml. of CO2-free, 20 per cent NaOH in the center well, 
and 58 ml. of culture medium with L-glutamic acid (14 wmoles per 
ml.) and the indicated supplements of t-histidine (1.2 x 10* 
c.p.m. per umole) and of formate (4.6 X 10° c.p.m. per umole) in 
the main compartment. The flasks were inoculated with histi- 
dine-grown organisms, which had been harvested during the 
logarithmic phase of growth and had been washed with H.O to 
give an optical density at 590 my of 0.008. The flasks were 
stoppered with rubber caps and shaken at 26° for 8 hours, when 
the optical density had increased to 0.160. Growth was stopped 
by the injection of 5 ml. of 50 per cent trichloroacetic acid and the 
cells were removed by centrifugation. The supernatant fluid was 
analyzed for formate and histidine, and the sodium hydroxide 
solution was analyzed for CO». Analysis showed that about 
one-half of the supplied histidine and formate was left in the 
culture fluid; the remainder had been converted to CO: or as- 
similated. The molar activity values of the purines of the cells 
and of the respiratory CO2 were determined; guanine and adenine 
had the same specific activity. The R.A. of purine carbon 8 was 
calculated by subtracting the R.A. of the respiratory CO:, which 
is the source of purine carbon 6 (Table II), from the R.A. of the 
purines. 











Supplement | vteme PE at mi [Ratio, B A. of 
\Purine C- 7) CO: 
| pmole/ml. e/ml. | | 
Experiment 1 | 
L-Histidine-2-C™. ..... | 0.8 47.4 | 26 | 18 
Experiment 2 | | 
i-Histidine-2-C¥......| 0.5 | 3.6 | ve ae 
Wide i5s sews'vin | 20.0 | 
Experiment 3 | | 
L-Histidine............ 0.5 | 67 | 81 |} 0.8 
Formate-C™’..........| 20.0 | 
Experiment 4 
Formate-C™..........| | 7% 26©6| = (1.0 
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pounds during growth after the exhaustion of the labeled pre- 
cursor. The experiments presented in Table II permit a choice 
to be made between these alternatives. The R.A. of 80 of the 
histidine isolated in Experiment 1 and the R.A. of 39 of the car- 
bon 5 of adenine in Experiment 3 may be considered valid meas- 
urements of the fraction of growth which occurred in the presence 
of added histidine-2-C™ or glycine-2-C™, respectively (23, 28); 
formate (Experiment 2) is oxidized very rapidly by these organ- 
isms. Thus in all three experiments the labeled compound was 
exhausted before the end of the growth period. If unequal 
labeling were due to replacement of carbon 2 by unlabeled “sin- 
gle carbon” compounds, it should have been apparent in all 
three experiments. This, however, is not the case: the methylene 
carbon of glycine contributed equally to both ureido carbons of 
the purine bases, although about 60 per cent of the growth had 
occurred in the absence of labeled glycine. Furthermore, if one 
corrects for growth in the absence of histidine by relating the 
molar activity of the isolated purine bases in Experiment 1 to 
that of the isolated histidine, rather than to that of the admin- 
istered histidine, one obtains a value of 52 per cent, which agrees 
with the value obtained in Experiment 1, Table III, where the 
histidine had not been exhausted. Thus, contrary to what 
would be expected if replacement were the cause of the unequal 
labeling, exhaustion of the histidine-2-C“ does not result in a 
diminution of the radioactivity of the purine other than by simple 
dilution. The unequal isotope distribution pattern in the purine 
bases must therefore be attributed to an unequal utilization of 
the various “single carbon” donors for the biosynthesis of the 
ureido carbons. 

This differential utilization of “single carbon” units has been 
observed not only in P. fluorescens, but also in other bacteria. 
Unpublished observations from this laboratory indicate that A. 
aerogenes can utilize formate only for purine carbon 8, whereas 
the a-carbon of glycine is utilized equally for the synthesis of 
carbons 2 and 8. Experiments with EZ. coli by Koch? have 
shown that the 8-carbon of serine is incorporated into purines 
exclusively in the 8 position. Formate, likewise, was shown to 
be utilized principally for this ureido carbon (29). In an ex- 
tensive study of the kinetics of glycine-2-C™ incorporation into 
the purines of E. coli, Koch observed that at high concentrations 
(9 umoles per ml.) of glycine, carbons 2, 8, and 5 were derived 
almost exclusively from the a-carbon of glycine, whereas at low 
concentrations (0.1 umole per ml.) glycine contributed more ex- 
tensively to carbon 8 than to carbon 2 (28); this is in contrast 
to the equal contribution of glycine at this low concentration to 
carbons 2 and 8 in P. fluorescens and A. aerogenes. 

The great superiority of the amidine carbon of histidine to 
formate as precursor of carbon 8 of the purine ring (Table II) 
suggests that this carbon can be transferred to a purine precursor 
without passing through formate. The results of the experiments 
in which the bacteria were supplied with a mixture of histidine 
and formate (Table III) support this view. Accordingly, the 
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amidine carbon of histidine may be transferred from a degrada- 
tion product of histidine to an intermediate carrier, such as a 
derivative of tetrahydrofolic acid; the carrier may then transfer 
its formyl group directly to a purine precursor. The formyl de- 
rivative of the carrier can also be formed by its reaction with 
exogenous formic acid. Consequently, formate, when supplied 
at the high level of 20 wmoles per ml. (Table III), competes ef- 
fectively with histidine as precursor of carbon 8 of the purine 
ring; when less formate is supplied (0.5 wmole per ml.), it is 
oxidized rapidly to carbon dioxide during the early stages of 
growth, and serves therefore more effectively as a donor of carbon 
6 than of carbon 8 (Table IT). 

The degradation product of histidine which is the immediate 
donor of the formyl group in P. fluorescens may be, by analogy 
with liver (5, 6), t-a-formamidinoglutaric acid. However, it is 
then somewhat surprising that A. aerogenes and S. typhimurium, 
which produce this compound from histidine and can convert it 
to glutamic acid and formamide, should be unable to use the 
amidine carbon of histidine for purine synthesis. The pseudo- 
monads, in contrast to A. aerogenes and S. typhimurium, convert 
L-a-formamidinoglutaric acid to formylglutamic acid; it is pos- 
sible that it is through this compound that the amidine carbon 
of histidine is transferred to purines in bacteria. 


SUMMARY 


The role of t-histidine as a donor of single carbon units for the 
biosynthesis of purines was studied in several bacteria. A cor- 
relation was observed between the pathway of t-histidine deg- 
radation and the ability to incorporate the amidine carbon into 
purines. Pseudomonas fluorescens and Pseudomonas aeruginosa, 
which degrade histidine to formic acid, were found to carry out 
the transfer of this carbon atom. Aerobacter aerogenes and 
Salmonella typhimurium, which convert histidine to formamide, 
cannot utilize histidine as a single carbon donor for purine syn- 
thesis. 

The distribution of radioactivity from histidine-2-C", formate- 
C*, and glycine-2-C™ in the purines of Pseudomonas fluorescens, 
grown on glutamic acid with small supplements of the labeled 
compounds, was compared. Histidine-2-C™ is incorporated ef- 
ficiently into purines, primarily into carbon 8, and very little into 
carbon 2. Formate-C™ shows a similar unequal distribution of 
the isotope in the ureido carbons but is a far less efficient purine 
precursor. Glycine-2-C", on the other hand, contributes equally 
to purine carbons 2 and 8. 

Although incorporation into purines from histidine-2-C™ was 
markedly depressed in the presence of a large pool of unlabeled 
formate, carbon 8 was 2} times as radioactive as it would have 
been had all utilization of the isotope occurred via the free for- 
mate pool. This observation suggests that the formyl group can 
be transferred from a degradation product of histidine to a purine 
precursor without passing through free formate. 
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The reaction catalyzed by the general L- and p-amino acid 
oxidases (2) has been represented as a dehydrogenation of an 
amino acid by a flavoenzyme to yield reduced flavoenzyme and 
the corresponding imino acid (where E-FAD! stands for enzyme- 
flavin adenine dinucleotide) : 


RCHCOOH + E-FAD — E-FADH: + i 
(1) 


NH: NH 


The proposed intermediate would be expected to be unstable and 
to hydrolyze spontaneously to the corresponding a-keto acid 
and ammonia: 


~ ea + 1,0 > — + NH; 
| 
NH O 


Although the intermediate formation of an imino acid is con- 
sistent with available data, direct experimental evidence for it is 
still lacking. The reaction in the presence of air proceeds to 
completion and is essentially irreversible because of reoxidation 
of the reduced flavoenzyme by molecular oxygen. Previously, 
the amino acid oxidase reaction has been studied only in the 
direction of a-keto acid and ammonia formation. We have re- 
cently found that L- and p-amino acid oxidases, under anaerobic 
conditions, can catalyze the reverse reaction leading to the syn- 
thesis of an amino acid from the corresponding a-keto acid and 
ammonia (1). This paper describes studies on the formation of 
amino acids catalyzed by purified snake venom L-amino acid 
oxidase, and sheep kidney p-amino acid oxidase. 


(2) 


EXPERIMENTAL 


Compounds—A'-Pyrroline-2-carboxylic acid (3), A'-piperi- 
dine-2-carboxylic acid (3), and most of the a-keto acids (4) were 
obtained as described. a-Ketoisocaproic acid-1-C“ was pre- 
pared by enzymatic oxidation of pt-leucine-1-C™ at pH 7.8 with 
a mixture of p-amino acid oxidase and L-amino acid oxidase in 
the presence of catalase, by a procedure similar to that described 
(5). Dt-Proline and a-ketoglutaric acid were obtained from 
Nutritional Biochemicals Corporation, and pL-a-aminophenyl- 
acetic acid was purchased from Eastman Kodak Company 


* This research was supported in part by grants from the Na- 
tional Heart Institute, National Institutes of Health, United 
States Public Health Service, and from the National Science 
Foundation. A preliminary account of this work has been pub- 
lished (1). 

+ Traveling scholar of the J. N. Tata Endowment, India. 

1 The abbreviations used are: FAD, flavin adenine dinucleotide; 
Ki, enzyme. 


Sodium pyruvate was obtained by the procedure of Price and 
Levintow (6), and pt-pipecolic acid hydrochloride was prepared 
according to Stevens and Ellman (7). The p- and L-amino 
acids were prepared by enzymatic resolution of the correspond- 
ing racemates by the method of Greenstein (8), or were pur- 
chased from Schwarz Laboratories, Inc. The amino acid iso- 
mers were tested for optical purity by enzymatic procedures (9); 
all isomers thus examined contained less than 0.1 per cent of the 
corresponding enantiomorph. 

Enzyme Preparations—p-Amino acid oxidase was prepared 
from sheep kidney as described by Negelein and Brémel (10); 
preparations of the enzyme carried to the fourth, fifth, and final 
steps of this procedure catalyzed reactions of the type described 
in this report. Material processed to Step 4 of the procedure of 
Negelein and Brémel was used in the experiments described 
here, since further purification was accompanied by considerable 
reduction in the yield of enzyme. The enzyme preparations, 
which were devoid of appreciable catalase activity, were treated 
with an excess of FAD (0.02 umole per mg. of protein), and di- 
alyzed against 0.1 m sodium pyrophosphate buffer (pH 8.3) at 
5° until free of ammonia. Preparations lacking FAD lost con- 
siderable activity on dialysis. The oxidative activity values for 
the enzyme preparations employed in the present studies were 
1060 (DOX-A) and 1880 (DOX-B); these values are expressed 
in terms of microliters of oxygen absorbed per mg. of protein 
per hour in air at 37° in a reaction mixture consisting of enzyme 
and 50 umoles of p1-proline in a final volume of 1.5 ml. of 0.067 
M sodium pyrophosphate buffer (pH 8.3). 

The L-amino acid oxidase preparations were obtained from 
rattlesnake and moccasin venoms by following the first 3 steps 
of the procedure of Singer and Kearney (11). Activity (Qo,) 
values between 4000 and 16,000 were obtained. In one prep- 
aration from moccasin venom, a preparation comparable in ac- 
tivity to that reported by Singer and Kearney was obtained; 
however, although considerable purification was achieved, prep- 
arations obtained by this procedure from rattlesnake venom and 
other batches of moccasin venom were less active. It seems 
possible that this variability in activity is related to the nature 
of the starting materials. The oxidative activity values of the 
preparations employed in the present studies are given in terms 
of units, where one unit is defined as the quantity of enzyme that 
will catalyze the uptake of 1 umole of oxygen per hour at 37° 
in air in a reaction mixture consisting of enzyme, 20 umoles of 
L-leucine, 200 wmoles of tris(hydroxymethyl)aminomethane 
buffer (pH 7.2), and 30 uwmoles of potassium chloride, in a final 
volume of 3.0 ml. Preparations of crude venom exhibited glu- 
tamic-aspartic transaminase activity; however, this activity 
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_ Whatman No. 3 paper) as described by Giri et al. (15). 


could not be detected after the first step of the purification pro- 
cedure. 

Methods—The experiments were carried out in Warburg ves- 
sels or in small test tubes with side bulbs. In general, all of the 
components were added to the main compartment of the vessel 
or tube and the amino acid was placed in the side bulb. After 
flushing with nitrogen (previously bubbled through 3 traps con- 
taining Fieser’s solution (12)) for 15 minutes, the contents of the 
vessel were mixed. The reaction was stopped by addition of 
(0.25 volume of nN hydrochloric acid followed by 3 volumes of 
absolute ethanol. The precipitated protein was removed by 
centrifugation, and an aliquot of the supernatant solution was 
evaporated and analyzed for amino acid or keto acid. In some 
experiments, deproteinization was accomplished by heating the 
acidified mixture at 70° for 3 minutes. The coagulated protein 
was removed by centrifugation. Each series of experiments in- 
cluded controls without enzyme and with enzyme inactivated by 
heating at 100° for 3 minutes; controls in which reactants were 
separately omitted were also employed. 

In the experiments with N'-ammonia, the reaction mixtures 
were made alkaline by addition of sodium carbonate, and the 
free ammonia was removed by exhaustive aeration. The mix- 
ture was then adjusted to pH 7.2 by cautious addition of 6 N 
hydrochloric acid, and was then treated with L-amino acid oxi- 
dase in air until there was no further uptake of oxygen. The 
mixtures were subsequently made alkaline by addition of sodium 
carbonate and the ammonia released by treatment with L-amino 
acid oxidase was aerated into sulfuric acid traps. After addi- 
tion of carrier ammonium sulfate, and conversion to nitrogen, 
N® analyses were carried out with a mass spectrometer.? 

Proline was determined by the procedure of Troll and Linds- 
ley (13). The procedure was modified as previously described 
(14) in order to avoid interference by A'-pyrroline-2-carboxylate 
and A'-piperidine-2-carboxylate. The other amino acids were 
determined after elution from paper chromatograms (with 
Radio- 
active leucine was separated by paper strip chromatography, and 
1 em. sections of the strip were counted with a thin, mica window 
tube. Ammonia was determined by nesslerization after aera- 
tion into sulfuric acid traps. Pyruvate was quantitatively 
determined with crystalline lactic dehydrogenase and reduced 
diphosphopyridine nucleotide. Phenylpyruvate (16) and pipe- 


' colic acid (17) were determined as described. 





The optical configuration of the enzymatically formed amino 
acids was established by treating samples of the deproteinized 
reaction mixtures with p- or L-amino acid oxidases. The mix- 
tures were shaken in air at 37° for 2 hours; after deproteiniza- 
tion, samples were chromatographed on paper, together with an 
untreated sample. Authentic samples of the respective isomers 
were included in each series. Under these conditions, complete 
disappearance of the susceptible isomers was observed. A simi- 
lar procedure for proline was previously described (14). That 
the proline formed in the experiments with p-amino acid oxidase 
was of the p configuration was also shown by an independent 
procedure involving the use of a proline-requiring mutant of 
Escherichia coli (Davis, 55-1). Autoclaved reaction mixtures 
containing enzymatically synthesized proline did not support the 


2 The authors are indebted to Dr. S. Hartman and Dr. J. M. 
Buchanan for the N' analysis. 
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growth of this mutant, which grew luxuriantly when such reac- 


tion mixtures were supplemented with microgram quantities of 
L-proline. 


RESULTS 


Synthesis of D-Proline by D-Amino Acid Oxidase—The oxida- 
tion of p-proline by p-amino acid oxidase may be represented as 
a dehydrogenation leading initially to A'-pyrroline-2-carboxylic 
acid, which has been shown to exist in solution in equilibrium 
with a-keto-d-aminovaleric acid (3). 


COOH 
| | 4 + E-FAD — + E-FADH: (3) 


H 


— 
_— 


—H.0 || + HO 


N ” yo COOH 
Thus, the oxidation of proline (as well as hydroxyproline (18) 
and pipecolic acid), in contrast to the oxidation of a-amino acids, 
yields products that may be regarded as substituted imino acids 
of the type postulated above in Reactions 1 and 2. Under 
anaerobic conditions it is possible to demonstrate the reversi- 
bility of Reaction 3. Thus, incubation of p-amino acid oxidase 
with A'-pyrroline-2-carboxylate and a p-amino acid yielded 
p-proline and the corresponding a-keto acid and ammonia. In 
the experiment described in Table I, stoichiometric formation 
of p-proline, pyruvate, and ammonia was observed in a system 
consisting initially of p-alanine and A'-pyrroline-2-carboxylate. 
When A'-piperidine-2-carboxylate was employed instead of the 
corresponding pyrroline compound, p-pipecolic acid was formed; 
the rate of formation of p-proline was more rapid than that of 
D-pipecolic acid under these conditions. The optical configura- 
tion of the imino acids was established as described in the ex- 
perimental section. As indicated in Table II, a number of 
D-amino acids were active in the reaction leading to p-proline 


TABLE I 


Stoichiometric formation of pyruvate, ammonia, and p-proline from 
A'-pyrroline-2-carbozylate and p-alanine catalyzed by 
p-amino acid ozidase* 














Time NHs formed | p-Proline formed Pyruvate formation 
hours umole umole | umole 

1 0.195 0.200 

2 0.400 0.415 

3 0.830 0.789 | 0.810 

4t 0.405 | 0.355t | 0.365 





*The reaction mixtures consisted initially of 10 wmoles of 
4'-pyrroline-2-carboxylate, 2 wmoles of p-alanine, 1.31 mg. of 
protein (DOX-B), 20 umoles of sodium pyrophosphate (adjusted 
to pH 6.8 with HCl) in a final volume of 0.4 ml.; incubated under 
nitrogen at 37°. 


t 4'-Piperidine-2-carboxylate added; p-pipecolic acid formed. 





446 


TaBLe II 
Formation of p-proline from various D-amino acids and 
A'-pyrroline-2-carbozylic acid catalyzed by 
p-amino acid oxidase* 








Amino acid p-Proline formed 
umole 

p-Methionine.. .................. cc ceeeee 0.100 
Le Pee EL PE eee 0.048 
D-Phenmylalanine.. .... 6.0.5.6... ced se eeees 0.110 
oo asdlsianu as ats 8ie ales ple bE Rete WAIN 0.049 
ce Sc wes oss: daa tess Sidi al @ wid avs weet 0.025 
De eg veg es dio x werent GLa ae 0.095 
Allohydroxy-p-proline.................... 0.087t 
SN Sos AOF0.6 Oe aswinse boon now's ae 0.100 
IIE icc ccc cen e kes senscoweseers 0.064 
i oases ek cadavecota ceae cass 0.025 
IE 5 a dro arcas Pade bcos csec eeu odes 0.017 
pL-a-Aminophenylacetic acid............. 0.050 
re Shinn dap deine dnevnaeSdewes 0 
ee ee ee 0 
Oe Pe eee eee 0 








*The reaction mixtures consisted initially of 2 wmoles of 
A'-pyrroline-2-carboxylate, 2 umoles of p-amino acid, 87 yg. of 
protein (DOX-B), and 20 umoles of sodium pyrophosphate (ad- 
justed to pH 6.8 with HCl) in a final volume of 0.5 ml. The mix- 
tures were incubated for 4 hours under nitrogen at 37°. 

t Formation of pyrrole-2-carboxylic acid (18) was observed by 
paper chromatography. 


TaBLe III 


Formation of various p-amino acids catalyzed 
by p-amino acid oxidase* 

















System Amino acid formed umoles 
p-Alanine + A!-pyrroline-2-carboxyl- | 

NE tne dota sind cigw cs Said s devs sie-0l vie p-Proline 0.942 
p-Alanine + a-ketoisocaproate........ p-Leucine 0.032 
p-Alanine + d-a-keto-8-methylval- 

NN cas Sep Sula dG ols bas be 85 p-Alloisoleucine | 0.025 
p-Alanine + a-keto-y-methiolbutyrate | p-Methionine 0.103 
p-Alanine + a-ketoisovalerate........ | D-Valine 0.037 
p-Alanine + phenylpyruvate.......... | p-Phenylalanine | 0.123 
p-Methionine + pyruvate............. | p-Alanine 0.078 
p-Methionine + a-ketoglutarate......| None | 


| | 
* The reaction mixtures consisted initially of 10 wmoles of the 
sodium salt of the a-keto acid, 25 wmoles of p-amino acid, 10 
umoles of NH,Cl, 2.6 mg. of protein (DOX-A) and 20 umoles of 
sodium pyrophosphate buffer (pH 8.3) in a final volume of 0.7 
ml.; incubated for 3 hours at 37° under nitrogen. 





formation, which may be represented as the sum of Reactions 
4 and 5: 


p-Amino acid + HO + E-FAD = 


a-keto acid + NH; + E-FADH, “ 
E-FADH, + A!-pyrroline-2-carboxylate = 
p-proline + E-FAD ” 
p-Amino acid + H.O + A'-pyrroline-2-carboxylate — 
(4 + 5) 


p-proline + a-keto acid + NH; 


Reversal of Amino Acid Oxidase Reaction 


Vol. 233, No. 2 


Only v-amino acids that were susceptible to aerobic oxidation 
by p-amino acid oxidase were active in this system; thus, no 
proline was formed with p-glutamic acid, p-aspartic acid, and 
p-lysine. t-Amino acids were not active. 
tions that did not contain FAD were not active. 

The synthesis of p-proline was directly proportional to con- 
centration of enzyme, and, with a given concentration of en- 
zyme, it was linear with time (Fig. 1B). In contrast to the 
aerobic oxidation of p-proline (and other p-amino acids) which 
occurs most rapidly at values of pH between 8.2 and 8.8, the 
formation of p-proline exhibited a pH optimum at approximately 
6.8 (Fig. 1A). The synthesis of proline was approximately 6 
times more rapid at pH 6.8 than at pH 8.3. The effects of 
varying b-amino acid and A!-pyrroline-2-carboxylate concentra- 
tions on the rate of p-proline formation are described in Fig. 
1C. The concentration of A'-pyrroline-2-carboxylate necessary 
at pH 8.3 for maximal rate of proline formation was considerably 
greater than that of p-phenylalanine. This result is consistent 
with the conclusion that Reaction 5 is rate-limiting. A similar 
experiment carried out at pH 6.8 revealed no essential difference 
between the saturation curves for p-phenylalanine and A!-pyr- 
roline-2-carboxylate, and Curve 1 of Fig. 1C. 

The formation of p-proline may be coupled with the dehydro- 
genation of imino acids such as allohydroxy-p-proline (Table II) 
or D-pipecolic acid. This type of reaction is unique in that am- 
monia does not participate: 


r™. 
COOH | 

iP i - COOH ~~ 
nS N7 


Enzyme prepara- 


H 4H 
(6) 
) coon 
+ f 
\n/— COOH nA 
x @ 


Reaction 6 has been observed in both directions (Fig. 1D); 
the equilibrium is in favor of pipecolic acid formation at pH 6.8 
and 37°; the equilibrium constant for Reaction 6 calculated from 
the data of Fig. 1D is approximately 6. 

Synthesis of Other D-Amino Acids by D-Amino Acid Oxidase— 
The studies described above were extended to systems consist- 
ing of various a-keto acids and ammonia. It was found that 
D-amino acid oxidase catalyzed the formation of a number of 
p-amino acids from the corresponding a-keto acids in the pres- 
ence of ammonia and another p-amino acid substrate (Table III). 
p-Aspartic acid, p-glutamic acid, p-lysine, L-amino acids, and 
a-ketoglutaric acid were not active in this system. The forma- 
tion of p-amino acids from a-keto acids and ammonia was con- 
siderably less rapid than the formation of p-proline from A'- 
pyrroline-2-carboxylate. In contrast to reactions leading to 
p-proline formation, the optimal pH was approximately 8.3 or 
about the same as that for the aerobic oxidation reaction (Fig. 
1A). The general reaction may be represented as the sum of 
Reactions 7 and 8: 


Amino acid (A) + H.O + E-FAD = 
keto acid (A) + NH; + E-FADH, 


E-FADH, + NH; + keto acid (B) = 
(8) 


amino acid (B) + H.O + E-FAD 
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Fic. 1. A, pH-activity curves. Curve 1, formation of p-proline from A!-pyrroline-2-carboxylate and p-phenylalanine catalyzed by 
p-amino acid oxidase. The reaction mixtures consisted initially of 25 wmoles of p-phenylalanine, 12.5 wmoles of A'-pyrroline-2-car- 
boxylate, 435 wg. of protein (preparation DOX-B), and 90 uwmoles of sodium pyrophosphate in a final volume of 2 ml. The pH was ad- 
justed to the indicated values by addition of HCl; incubated under nitrogen at 37° for4 hours. Ordinate = ymole of p-proline formed. 
Curve 2, formation of L-phenylalanine from phenylpyruvate and L-tyrosine catalyzed by L-amino acid oxidase. The reaction mix- 
tures consisted initially of 5 wmoles of L-tyrosine, 20 wmoles of sodium phenylpyruvate, 20 wymoles of NH,Cl, 50 units of L-oxidase, 
and 45 umoles of tris(hydroxymethyl)aminomethane buffer of indicated pH in a final volume of 1 ml.; incubated under nitrogen for 
4 hours at 37°. Ordinate = umole X 2 of L-phenylalanine formed. Curve 3, formation of p-phenylalanine from phenylpyruvate and 
p-alanine catalyzed by p-amino acid oxidase. The reaction mixtures consisted initially of 10 wmoles of p-alanine, 20 wmoles of sodium 
phenylpyruvate, 20 umoles of NH,Cl, 1.39 mg. of protein (DOX-B), and 50 umoles of sodium pyrophosphate adjusted to the indicated 
values of pH, in a final volume of 1.2 ml. incubated under nitrogen for 4 hours at 37°. Ordinate = umole X 10 of p-phenylalanine 
formed. 

B, Curve 1, time course of the reaction between p-phenyalanine and A!-pyrroline-2-carboxylate. Curve 2, effect of enzyme concen- 
tration. The reaction mixtures consisted initially of 10 wmoles each of p-phenylalanine and A'-pyrroline-2-carboxylate, 435 ug. of pro 
tein (DOX-B) (Curve 1), 40 umoles of sodium pyrophosphate (adjusted to pH 6.8 with HCl), ina final volume of 1 ml.; incubated at 
37° under nitrogen for 2 hours (Curve 2). 

C, effect of varying concentrations of p-phenylalanine and A'-pyrroline-2-carboxylate on formation of p-proline. The reaction mix 
tures consisted initially of the reactants at the concentrations indicated, 90 wmoles of sodium pyrophosphate (pH 8.3) and 1.10 mg. 
of protein (DOX-B) in a final volume of 1 ml.; incubated at 37° for 2 hours under nitrogen. Curve 1, p-phenylalanine concentration 
varied (10 wmoles of A!-pyrroline-2-carboxylate) ; Curve 2, A'-pyrroline-2-carboxylate concentration varied (10 wzmoles of phenylalanine). 
Abscissa-umoles of reactant per ml. 

D, formation of p-proline and p-pipecolic acid. Curve 1, the reaction mixtures consisted initially of 2 wmoles of pi-proline (or 1 
umole of p-proline), 1 umole of A'-piperidine-2-carboxylate, 10 wmoles of sodium pyrophosphate (adjusted to pH 6.8 with HCl), and 
1.31 mg. of protein (DOX-B) in a final volume of 0.2 ml.; incubated under nitrogen at 37°; @ = values that were obtained with p- 
proline. Curve 2, the reactants were DL-pipecolic acid and A'-pyrroline-2-carboxylate; other conditions as for Curve 1. 
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Amino acid (A) + keto acid (B) = below. It is evident that amino group transfer is not involved 
(7 + 8) 


aniline acd (3) + teste atid (2) in the reactions Jeading to p-proline formation. Furthermore, 

p-amino acid oxidase catalyzes exchange between the a-amino 

The over-all reaction is identical with a transamination reac- group of a p-amino acid and N"™-ammonia (1); a similar reaction 
tion; however, several lines of evidence indicate that amino group catalyzed by L-amino acid oxidase is described below. An addi- 
transfer is not involved, and that ammonia is a participant in tional finding consistent with the participation of ammonia is 
these reactions leading to p-amino acid formation and in the the marked acceleration of the over-all reactions produced by 
analogous reactions catalyzed by L-amino acid oxidase described addition of ammonia. Thus, the reaction between a-ketoiso- 








TABLE IV 


Formation of various L-amino acids catalyzed 
by L-amino acid ozidase* 











Reactants Amino acid formed | umole 
L-Leucine + a-ketobutyrate........... L-a-Aminobu- 0.06 
tyric acid 
L-Leucine + a-keto-y-methiolbutyrate. .| L-Methionine 0.20 
L-Leucine + phenylpyruvate.......... L-Phenylalanine| 0.58 
L-Leucine + p-hydroxyphenylpyruvate | L-Tyrosine 0.25 
L-Leucine + a-ketoglutarate........... None 
L-Leucine + a-ketophenylacetate ...... L-a-Aminophen- | 0.15 
| ylacetie acid 
L-Methionine + d-a-keto-8-methyl- | 
Ey One rte cr ae ee L-Isoleucine 0.12 
L-Methionine + a-ketoisocaproate..... L-Leucine 0.19 
L-Tyrosine + a-ketoisocaproate........ L-Leucine 0.05 
L-Tyrosine + phenylpyruvate......... | L-Phenylalanine| 0.40 
! 








* The reaction mixtures consisted initially of 10 wmoles of the 
sodium salt of the a-keto acid, 5 umoles of L-amino acid, 10 ymoles 
of NH,Cl, 47.2 units of L-oxidase, and 10 zmoles of tris(hydroxy- 
methyl)aminomethane buffer (pH 7.2) in a final volume of 0.25 
ml.; incubated for 195 minutes at 37° under nitrogen. 
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Fic. 2. Effect of varying concentrations of ammonium chloride 
and a-ketoisocaproate on the formation of phenylpyruvate from 
L-phenylalanine by L-amino acid oxidase. The reaction mixtures 
consisted initially of 5 wmoles of L-phenylalanine, 80 units of 
L-oxidase, NH,Cl in the indicated concentrations, and sodium 
a-ketoisocaproate in a final volume of 0.4 ml. of 0.1 m tris(hydroxy- 
methyl)aminomethane buffer (pH 7.2); incubated for 2 hours at 
37° under nitrogen. The concentration of a-ketoisocaproate was 
0.2, 0.1, 0.05, and 0.025, and 0.0125 m in Curves 1, 2, 3, 4, and 6, 
respectively. Abscissa = molar concentration of NH,Cl; ordi- 
nate = wmoles of phenylpyruvate formed. 


caproate and p-phenylalanine occurred much more rapidly in 
the presence of added ammonia; the rate of the reaction in- 
creased linearly with increasing concentration of added ammo- 
nium chloride (0.0125 to 0.100 m). An analogous experiment 
was carried out with L-amino acid oxidase (see Fig. 2 and text, 
below). When methylamine hydrochloride was incubated with 
p-amino acid oxidase, a-ketoisocaproate, and p-phenylalanine, 
the rate of phenylpyruvate formation was less than 10 per cent 
of that observed with ammonium chloride. 
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Synthesis of L-Amino Acids by L-Amino Acid Oxidase—Reac- 
tions analogous to those described in the previous section (Re- 
actions 7 and 8), but leading to the synthesis of L-amino acids 
rather than p-amino acids, are catalyzed by L-amino acid oxi- 
dase. Several representative experiments are summarized in 
Table IV. The pH optimum for the reaction between L-tyro- 
sine and phenylpyruvate was 7.2 (Fig. 1A), or approximately 
the same as that for the aerobic oxidation of amino acids by this 
enzyme. 

The effects of varying the concentrations of ammonium chlo- 
ride and a-keto acid on the rate of formation of phenylpyruvate 
from t-phenylalanine and a-ketoisocaproate are described in 
Fig. 2. In these studies the concentration of L-phenylalanine 
was 0.0125 m; this concentration of phenylalanine gave optimal 
rates of reaction with various concentrations of ammonium chlo- 
ride and a-ketoisocaproate and, under these conditions, the for- 
mation of phenylpyruvate was linear with time. The rate of 
phenylpyruvate formation tended to reach a maximal value 
with increasing concentrations of a-ketosiocaproate; the con- 
centrations of a-ketoisocaproate necessary for half maximal 
velocity were 0.0469, 0.0515, 0.0500, 0.0530, and 0.0628 m for 
ammonium chloride concentrations of 0.0125, 0.0250, 0.0500, 
0.100, and 0.200 m, respectively. On the other hand, the reac- 
tion velocity did not reach a maximal value even with con- 
centrations of ammonium chloride of 0.200 m. Acceleration of 
the reaction by ammonium chloride was evident at all concentra- 
tions of a-ketoisocaproate studied. These observations suggest 
that the formation of L-leucine from a-ketoisocaproate and am- 
monia is the rate-limiting step, and that the accelerating effect 
of ammonia is due to an increase in the rate of this reaction. 

Conclusive evidence for the participation of ammonia in the 
reaction was obtained by incubating L-amino acid oxidase with 
an L-amino acid, the analogous a-keto acid, and N'*-ammonia. 
Significant incorporation of N'® into the amino groups of the 
amino acids was observed (Table V). In experiments in which 
a-keto acid was omitted, the incorporation of isotope was ap- 
proximately 9 per cent of the values given in Table V. No in- 
corporation was observed in experiments in which the enzyme 
was inactivated by heating at 100° for 3 minutes. It is of in- 
terest that the incorporation of N'*H; into L-phenylalanine was 
somewhat greater than into L-leucine or L-methionine. In the 
coupled reactions also (Table IV), reactions leading to Lt-phenyl- 
alanine appeared to proceed more rapidly than did the other 
reactions studied. The experiments with N'-ammonia are con- 
sistent with the occurrence of the separate Reactions 7 and 8. 
As expected, L-amino acid oxidase also catalyzed (anaerobically) 
the formation of C'-1-leucine in a system consisting initially of 
L-leucine, a-ketoisocaproate-1-C“, and ammonia. Thus, in- 
cubation of t-oxidase (80 units), 25 umoles each of L-leucine, 
sodium a-ketoisocaproate-1-C™ (85,200 c.p.m.), and ammonium 
nitrate, in 1.0 ml. of 0.1 m tris(hydroxymethyl)aminomethane 
buffer (pH 7.2) at 37° for 3 hours, resulted in the formation of 
radioactive leucine (1730 ¢.p.m.). An analogous experiment 
with p-leucine and p-amino acid oxidase gave similar results. 

Reaction 7 was also demonstrated spectrophotometrically by 
following the characteristic absorption band of L-amino acid 
oxidase at 465 my. Bleaching of the amino acid oxidases by 
amino acid substrates and by reducing agents has been reported 
(10,11). Reoxidation of reduced L-amino acid oxidase by molec- 


ular oxygen is associated with restoration of the absorption band 
at 465 mu (11). 


We have found that oxidation of L- and p-amino 
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acid oxidases (reduced with hydrosulfite or an amino acid sub- 
strate) may also be carried out anaerobically by addition of 
a-keto acid plus ammonium chloride. In the experiment de- 
scribed in Fig. 3, t-amino acid oxidase was reduced with hydro- 
sulfite and reoxidized by addition of relatively large quantities 
of a-ketoisocaproate and ammonium chloride; addition of either 
a-keto acid or ammonium chloride alone did not result in res- 
toration of the absorption band at 465 my. Similar results 
were obtained with enzyme reduced with t-leucine, and reoxida- 
tion was also achieved by adding phenylpyruvate and ammo- 
nium chloride. Reoxidation of the enzyme was somewhat 
greater with phenylpyruvate than with a-ketoisocaproate; this 
result is consistent with other experiments (Tables IV and V). 
The spectrophotometric studies indicate that the equilibrium of 
Reaction 7 favors a-keto acid and ammonia formation. Similar 
conclusions follow from the experiments demonstrating accelera- 
tion of the coupled reaction by ammonium chloride (Fig. 2). 
Preliminary data’ on the equilibrium constant of Reaction 7 at 
pH 7.2 and 26° with L-leucine lead to a value of approximately 
100 (concentration of water taken as unity). 


DISCUSSION 


The present studies demonstrate that the reaction catalyzed 
by the general amino acid oxidases is reversible, and therefore 
that these enzymes can catalyze the synthesis of a-amino acids 
from the corresponding a-keto acids and ammonia. It is possi- 
ble that under appropriate physiological conditions, reversal of 
the amino acid oxidase reaction may be responsible for amino 
acid synthesis. Such reactions might represent pathways al- 
ternative to transamination for conversion of a-keto acids to 
a-amino acids, and an additional mechanism for the utilization 
of ammonia. Additional work is necessary to determine whether 
synthesis of amino acids by this mechanism is of physiological 
significance. Although under our conditions the rates of amino 
acid synthesis were much lower than the rates of amino acid 
oxidation in the aerobic systems usually employed, it may not 
be valid to base conclusions on results of experiments carried out 
under arbitrarily chosen conditions in vitro. It is conceivable 
that alternative pathways for the transfer of hydrogen to the 
amino acid oxidases exist in vivo, and that the isolated enzyme 
systems represent fragments of more complicated integrated 
cellular mechanisms. The present studies were carried out with 
the amino acid oxidases that can readily be isolated from snake 
venom and sheep kidney; however, it seems possible that the 
amino acid oxidases present in other biological materials, such as 
microorganisms, may also catalyze amino acid synthesis. Al- 
though we have no new suggestions to offer as to the function of 
mammalian p-amino acid oxidase, it may be observed that, 
despite the lack of evidence demonstrating the occurrence of 
p-amino acids in mammalian tissues, the presence of some 
p-amino acids in mammalian tissues has not yet been unequivo- 
cally excluded. The occurrence of p-amino acids in certain 
bacteria is at least compatible with the possibility that reactions 
of the type studied here may be involved in their formation. 

The formation of an intermediate imino acid has not been ex- 
perimentally demonstrated; however, evidence excluding a,8- 
unsaturation in the course of the amino acid oxidase reaction 
gives indirect support to the imino acid hypothesis. Such evi- 
dence includes the finding that the four isomers of isoleucine are 


3D. Wellner, and A. Meister, unpublished data. 
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TABLE V 


Participation of ammonia in the synthesis of L-amino acids 
catalyzed by L-amino acid oxidase* 








Atom per cent excess N!5 


Amino acid in amino acid 








u-Mothionine. ..................5. 0.28 
L-Phenylalanine........ 2.68 
NE eT ee ee 0.37 


* The reaction mixtures consisted initially of 10 umoles of 
L-amino acid, 20 wmoles of the sodium salt of the a-keto acid, 
20 umoles of N'5H,NO; (63.0 atom per cent excess N'°H,), 100 
umoles of tris(hydroxymethyl)aminomethane buffer (pH 7.2), 
and 157 units of L-oxidase in a final volume of 1.0 ml.; incubated 
for 3 hours at 37° under nitrogen. 








0.3 





0.2 











| ‘ 4 ‘ i ‘7 i 
420 440 460 480 500 

Fic. 3.—Spectrophotometric observation of reduction and re- 
oxidation of L-amino acid oxidase. Abscissa = wave length 
(mu); ordinate = optical density (1 em. light path). Curve 1, 
absorption curve of oxidized enzyme at pH 7.2 in 0.1  tris(hy- 
droxymethy])aminomethane buffer; volume = 1 ml., 26°; Curve 2, 
after addition of 0.5 umole of sodium hydrosulfite to enzyme solu- 
tion used in Curve 1; Curve 3, after anaerobic addition of 500 umoles 
each of sodium a-ketoisocaproate and ammonium chloride to re- 
duced enzyme; corrected to volume of 1 ml. 


enzymatically oxidized by amino acid oxidases to the corre- 
sponding optically active a-keto-8-methylvaleric acids (19), and 
the observation that the L-isomers of 8-phenylserine are con- 
verted by L-amino acid oxidase to the respective optical isomers 
of mandelic acid (20). Furthermore, the L- and b-isomers of 
a-aminophenylacetic acid, which does not possess a 8-hydrogen 
atom, are susceptible to the action of amino acid oxidases (21, 
9). Additional evidence excluding a,f8-unsaturation has arisen 
from studies on the oxidation of t-leucine in the presence of 
D,.O by L-amino acid oxidase; the isolated a-ketoisocaproate did 
not contain appreciable deuterium (22). 

The present finding that A'-pyrroline-2-carboxylate, which 
may be regarded as a substituted imino acid, was a much more 
active substrate than was a mixture of a-keto acids and ammonia, 
may be considered as evidence in favor of the concept that an 
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imino acid (formed by nonenzymatic reaction of a-keto acid and 
ammonia) is the actual substrate. However, it is possible that 
the concentration of free imino acid may be negligible and that 
an enzymatically-bound imino acid is formed by successive re- 
action of the enzyme with keto acid and ammonia or vice versa. 
The latter type of mechanism is not inconsistent with the obser- 
vations made with A!-pyrroline-2-carboxylate, for it is possible 
that the open-chain form of this compound, a-keto-6-amino- 
valeric acid, reacts initially with the enzyme. The relatively 
rapid conversion of this compound to p-proline might then be 
ascribed to condensation between the a-keto and 6-amino groups 
to form an enzyme-A'-pyrroline-2-carboxylate complex. Studies 
on the interconversion of A'-pyrroline-2-carboxylate and a-keto- 
6-aminovaleric acid may be significant in terms of the enzymatic 
mechanism. Another problem that remains for investigation 
is whether ammonia reacts in these systems in the unionized 
form or as ammonium ion. Further studies of these new reac- 
tions catalyzed by the amino acid oxidases may yield additional 
information concerning the reaction mechanisms; such work is 
in progress. 


SUMMARY 


1. The reaction catalyzed by the general amino acid oxidases, 
amino acid + enzyme-flavin adenine dinucleotide (FAD) + 
H.O = a-keto acid + NH; + enzyme-FADH), has been shown 
to be reversible. Amino acid synthesis has been observed in 
systems in which either L-amino acid oxidase (from snake venom) 
or p-amino acid oxidase (from sheep kidney) was incubated with 
an amino acid substrate, ammonia, and the a-keto acid analogue 
of another amino acid substrate; the formation of the respective 
amino acid isomer was observed under anaerobic conditions. 
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2. p-Amino acid oxidase catalyzed the formation of p-proline 
in reaction mixtures containing A'-pyrroline-2-carboxylate and a 
p-amino acid substrate. This reaction proceeded more rapidly 
than reactions involving a-keto acids and ammonia and, in con- 
trast to these reactions, exhibited a pH optimum at 6.8. The 
reversible reaction (not involving ammonia), p-proline + A!-pi- 
peridine-2-carboxylate = p-pipecolic acid + A'!-pyrroline-2- 
carboxylate, was observed and the equilibrium constant was 
determined at pH 6.8 and 37°. 

3. Both L-amino acid oxidase and p-amino acid oxidase cata- 
lyzed the incorporation of N'°H; into L- and p-amino acids, re- 
spectively, in the presence of the a-keto acid analogue of the 
amino acid. The formation of radioactive L- and p-leucine in 
systems containing leucine, ammonia, and C'-a-ketoisocapro- 
ate was also catalyzed by the respective oxidases. 

4. The rates of the reactions, L- (and p)-phenylalanine + 
a-ketoisocaproate — L- (and p)-leucine + phenylpyruvate, in- 
creased linearly with increasing concentrations of added am- 
monium chloride (0.0125 to 0.100 m); evidence is presented that 
these reactions are not transamination reactions, but involve the 
the participation of ammonia. 

5. Reduction of L-amino acid oxidase and of p-amino acid 
oxidase by hydrosulfite and by L- or b-amino acid substrates 
respectively, was observed spectrophotometrically by following 
the absorption band of the oxidized flavoproteins in the region of 
465 mu. Anaerobic reoxidation of the reduced enzymes was 
carried out by addition of ammonia and a-keto acid. 
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Biosynthesis of the Purines 


XXI. 5-PHOSPHORIBOSYLPYROPHOSPHATE AMIDOTRANSFERASE* 


SranpisH C. HARTMANT AND JOHN M. BucHANAN 


From the Division of Biochemistry, Department of Biology, 
Massachusetts Institute of Technology, 
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(Received for publication, September 3, 1957) 


The isolation by Goldthwait et al. (2) of the inosinic acid 
precursor, glycinamide ribonucleotide, substantiated previous 
indications that ribonucleotide intermediates are involved early 
in the scheme of purine biosynthesis. With the use of an acetone 
powder extract of pigeon liver, those workers found glycine, 
glutamine, adenosine triphosphate, and ribose-5-phosphate to 
be required for glycinamide ribonucleotide formation. Work 
in this laboratory (3) showed that 5-phosphoribosylpyrophos- 
phate was a more immediate precursor of the phosphoribosy] 
group of glycinamide ribonucleotide (GAR)':? than ribose-5- 
phosphate, but that ATP was still required for synthesis. Frac- 
tionation of the soluble enzyme components of avian liver (1, 4) 
has resulted in the finding that two purified enzyme fractions 
are necessary for GAR synthesis from glycine, glutamine, ATP, 
and PRPP (Reaction 1). 

H.O + PRPP + glutamine + glycine + ATP — 


P; + PP + ADP + glutamic acid + GAR 
HO + PRPP + glutamine — glutamic acid + PP + PRA 
PRA + glycine + ATP — GAR + ADP + Pj 


(2) 
(3) 


*A preliminary report of this work has been published (1). 
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! The following are systematic names of the intermediates of 
purine biosynthesis and their derivatives mentioned in this paper: 
2-amino-N-ribosylacetamide, glycinamide  ribonucleoside; 2- 
amino-N -ribosylacetamide-5’-phosphate, glycinamide ribonucleo- 
tide (GAR); 2-formamido-N -ribosylacetamide-5’-phosphate, 
formylglycinamide ribonucleotide; 5-amino-1-ribosyl-4-imida- 
zolecarboxamide-5'-phosphate, 5-amino-4-imidazolecarboxamide 
ribonucleotide. At the suggestion of the Editors the authors 
have employed the term “ribonucleotide” to replace ‘“ribotide”’ 
used extensively in previous communications to designate the 
phosphoribosy] moiety of intermediates of inosinic acid biosynthe- 
SIS. 

2 The abbreviations used are: GAR, glycinamide ribonucleotide; 
PRPP, 5-phosphoribosyl pyrophosphate; PRA, 5-phosphoribosyl- 
amine; ATP, adenosine triphosphate; ADP, adenosine diphos- 
phate; P; , orthophosphate; PP, pyrophosphate; DPN and DPNH 
the oxidized and reduced forms of diphosphopyridine nucleotide, 
respectively; Tris, tris(hydroxymethyl)aminomethane. 


The more recent results of Goldthwait et al. (5) have shown 
that Reaction 1 is composed of two reactions (Equations 2 and 
3). These findings have greatly facilitated the assignment of 
specific functions to our enzyme fractions. They found that 
with an unresolved enzyme system PRPP and glutamine reacted 
to form glutamic acid and 2 moles of inorganic phosphate which 
were presumed to be derived from inorganic pyrophosphate. 
From a consideration of the stoichiometry of the reaction, 
PRA was indicated as the third product. Although this ma- 
terial could not be isolated from the enzymatic system, it was 
synthesized chemically and shown to react enzymatically with 
glycine and ATP to form GAR. One of our fractions (Enzyme 
I) was found to carry out the reaction of PRPP and glutamine 
to form glutamic acid, inorganic pyrophosphate, and presumably 
PRA (Reaction 2) and the other (Enzyme II) catalyzed the 
ATP-mediated amide bond synthesis between PRA and glycine 
to yield GAR (Reaction 3). The purification of Enzyme I, 
which we will henceforth designate as PRPP amidotransferase, 
and studies on the mechanism of Reaction 2 will be presented 
in this paper. In Part XXII of this series (6), the step concerned 
with amide bond synthesis will be discussed and shown to be 
analogous to other reactions involving the utilization of the 
terminal pyrophosphate bond of ATP. 


EXPERIMENTAL 
Methods 


Determination of Glutamic Acid—A spectrophotometric assay 
for glutamic acid was devised, based on the formation of reduced 
DPN in the presence of purified glutamic acid dehydrogenase. 
Since the equilibrium point of the reaction 


H.O + glutamic acid + DPN* = a-ketoglutaric acid 

+ DPNH + NH? ” 
is far to the left, the amount of glutamic acid utilized is only a 
small fraction of that present. However, as shown in Fig. 1, 
it has been found that at equilibrium the amount of DPN re- 
duced is nearly proportional to the concentration of glutamic 
acid in the range of substrates employed. The assay was carried 
out in the following manner. To the glutamic acid sample of 0.1 
ml. contained in a silica cuvette were added 125 ywmoles of Tris 
buffer, pH 8.5, 0.4 umole of DPN, and 2.5 mg. of glutamic acid 
dehydrogenase in a final volume of 2.9 ml. The enzyme used 
in these assays was the lyophilized, first ethanol fraction pre- 
pared according to the method of Strecker (7). The absorb- 
ancy of the solution was read at 340 my immediately after addi- 
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Fic. 1. The enzymatic determination of glutamic acid. The 
details of the procedure are described in the text. 
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Fig. 2. The assay curve for PRPP amidotransferase (En- 
zyme 1). The enzyme preparation used in this assay was the 
ethanol fraction of pigeon liver extract (Fraction I). 


tion of the enzyme and then after 30 minutes. The increase in 
absorbancy was then related to a standard curve (Fig. 1) to de- 
termine the quantity of glutamic acid present in the unknown. 

Determination of Glycinamide Ribonucleotide—The method 
employed throughout most of this work for the determination of 
glycinamide ribonucleotide has been previously described (8). 
A faster and more sensitive assay has recently been worked out 
in conjunction with Dr. Leonard Warren. Under the conditions 
of this assay, GAR serves as the specific acceptor for the one- 
carbon group (carbon 2) of inosinic acid according to the fol- 
lowing equation: 


GAR + inosinic acid + HO > 
formylglycinamide ribonucleotide (5) 


+ 5-amino-4-imidazolecarboxamide ribonucleotide 
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The proportionality between the production of 5-amino-4- 
imidazolecarboxamide ribonucleotide and the amount of GAR 
in the assay system has been shown by Warren and Buchanan 
(9). 

The present method represents a slight modification in detail 
of this procedure. To the solution containing 0 to 0.05 umole 
of GAR in a volume of 0.25 ml. were added 0.05 ml. of neutralized 
Versene 9 (300 wmoles per ml.), 0.05 ml. of sodium inosinate 
(50 umoles per ml.), and 0.2 ml. of a solution containing 0.5 
mg. of lyophilized 15 to 30 per cent ethanol fraction of chicken 
liver extract (8) dissolved in 1 ml. of 0.1 m Tris buffer, pH 7.4. 
After incubation for 40 minutes at 37°, the mixture was de- 
proteinized with 0.1 ml. of 30 per cent trichloroacetic acid and 
centrifuged. This solution was then treated with 0.05 ml. of 
acetic anhydride for 20 minutes. This treatment serves to 
reduce the color blank by acetylating aromatic amines present 
in the enzyme, but it leaves the aminoimidazole compounds 
unacetylated. Then were added 0.15 ml. of 1 N H.SO,, 0.05 
ml. of 1 per cent NaNOz, and after 5 minutes, 0.05 ml. of 0.5 
per cent ammonium sulfamate and 0.05 ml. of 0.1 per cent N-1- 
naphthylethylenediamine dihydrochloride. An absorbancy of 
0.204 at 540 my represents empirically 0.01 umole of GAR. 
If it is assumed that the reaction goes to completion, this value 
is only 80 per cent of the absorbancy expected on the basis of a 
molecular extinction coefficient of 26,400 for 5-amino-4-im- 
idazolecarboxamide ribonucleotide (10). 

Protein concentrations were determined spectrophotometri- 
cally at 280 my, an absorbancy of 1.6 being taken as equivalent 
to 1 mg. of protein per ml. (11). Inorganic pyrophosphate was 
determined by the method of Kornberg (12). 


Materials 


PRPP was prepared by a modification of the method of Remy 
et al. (13). The procedure of Goldthwait et al. (5) was used 
to prepare PRA. Na»HPO,.-P® and glutamic acid-2-C" were 
purchased from Tracerlab, Inc. Sodium pyrophosphate-P® was 
prepared from the disodium phosphate by pyrolysis at 220° for 
12 hours and purified by precipitation of the manganous salt. 
The manganous ions were removed by treatment of the suspen- 
sion of the precipitate with Dowex 50 H+ and the pyrophosphoric 
acid adjusted to pH 8 with NaOH. DPN was obtained from 
the Pabst Laboratories. 

Purification of PRPP Amidotransferase (Enzyme I)—The 
assay for Enzyme I was based on the formation of GAR in the 
presence of an excess of Enzyme II (6). Since GAR synthesis 
was not linear with enzyme concentration because of unfavorable 
equilibrium conditions, purification factors for the various 
fractions were determined by comparison with a standard assay 
curve for the 15 to 30 per cent ethanol fraction (Fig. 2). Either 
the procedure based on the separation of radioactive compounds 
on the ion exchange column (8) or the enzymatic method de- 
scribed by Equation 5 was used for the determination of GAR. 
Pigeon and chicken liver enzymes behaved identically in this 
fractionation procedure, but the pigeon enzyme was much more 
stable when stored at 2°. 

The results of the fractionation of Enzyme I described below 
are shown in Table I. The preparation of the extract of pigeon 


liver and its fractionation between 15 and 30 per cent ethanol | 
This material (Fraction I) was stored | 


have been described (8). 


for use as a lyophilized powder. 
The subsequent steps were carried out at 2°. 


6 gm. of the 
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TABLE I 
Purification of PRPP > amidotransferase (Enzyme I) 


1 eee l 


| Relative | 











Fraction | Purification step | activity Yield 
———— eee $$$ $$ | Se ee 
| | Q% 
I | 15-30 % ethanol fraction.......... >. on 
II | Ammonium sulfate fraction........ | 44 i 
III | Protein precipitated by dialysis....| 22.0 | 75 
IV | Heated supernatant solution....... 90.0 | 70 








lyophilized 15 to 30 per cent ethanol fraction were dissolved in 
250 ml. of 0.1 m diammonium acid citrate adjusted to pH 5.3 
with NH,OH. For each 100 ml. of enzyme solution, 14.4 gm. 
of solid ammonium sulfate were added (0.25 saturation) and the 
precipitate removed by centrifugation. To each 100 ml. of 
the supernatant solution were added 12.3 gm. of solid am- 
monium sulfate (0.45 saturation). 

The precipitate was collected and dissolved in 125 ml. of 
water (Fraction II). Fraction I] was then dialyzed against 
continuously changing distilled water for 6 hours. The pro- 
tein which precipitated during the dialysis was collected by 
centrifugation. This precipitate was extracted with stirring 
overnight with 25 ml. of 0.05 m Tris buffer, pH 8.0, and the 
suspension was centrifuged in the Servall SS-1 centrifuge. 

This extract of the precipitate (Fraction III) was first heated 
for 10 minutes in a large water bath maintained at 60° and then 
cooled rapidly in ice. The denatured protein was removed by 
centrifugation. The supernatant solution from this heating 
step (Fraction IV) was used in subsequent experiments as a 
source of Enzyme I. 

Stoichiometry Requirements and Products of Reaction—In 
Table II is presented an experiment demonstrating the substrate 
and enzyme requirements for GAR synthesis from glutamine, 
ATP, PRPP, and glycine. In this experiment in which purified 
enzymes were used there was an absolute requirement for all 
substrates and both enzymes. It is also shown in Table II 
that chemically prepared PRA may substitute for PRPP, 
glutamine, and Enzyme I. The experiment reported in Table 
III demonstrates directly that Enzyme I catalyzes the reaction 
between PRPP and glutamine to yield pyrophosphate and glu- 
tamic acid in equivalent amounts and simultaneously. Gold- 
thwait et al. (5, 14), who first reported this reaction, were unable 
to detect pyrophosphate release because of a pyrophosphatase 
in their enzyme preparation, but did find 2 moles of phosphate 
produced for each mole of glutamic acid. These experiments 
established, therefore, that Enzyme I was responsible for the 
reaction of PRPP and glutamine to yield a product, presumably 
PRA, which reacted with ATP and glycine to form GAR in the 
presence of Enzyme II. 

That ADP is a product of Reaction 1 (and therefore of Reac- 
tion 3) is shown in experiments reported in Table IV. In the 
presence of both enzymes as well as the three substrates, PRPP, 
glycine, and glutamine, there was an equivalent of ATP broken 
down for each equivalent of ADP and GAR formed. Although 
it is not shown in either Tables II or III, subsequent experi- 
ments demonstrated that magnesium ions were required for 
both enzyme reactions. 

Attempts to Demonstrate Reversibility of Reaction 2—Attempts 
by Goldthwait (14) and by ourselves to reverse the reaction 
catalyzed by Enzyme | have been unsuccessful. Glutamic 
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Tasie II 
Substrate and enzyme requirements for synthesis of GAR 


All vessels contained, in a final volume of 0.3 ml., 15 umoles of 
Tris buffer, pH 8.0, and 1 umole of MgCle. Where indicated 1 
umole of each of the other substrates was added. The vessels 
were incubated for 30 minutes at 38°. 











Substrates Enzymes | =. 

| ‘nile 
Glycine + ATP + PRPP + glutamine. I 0 
Glycine + ATP + PRPP + glutamine. II 0 
Glycine + ATP + PRPP + eae I+II| 2 
ATP + PRPP + glutamine. . I+} 0 
Glycine + PRPP + glutamine. I+ 11) 0 
Glycine + ATP + PRPP......... J1+ 0 
Glycine + ATP + glutamine. .. ‘I+ 11} 0 
Il | # 


Glycine + ATP + PRA...... 


Taste III 


Formation of glutamic acid and pyrophosphate from glutamine 
and PRPP in presence of Enzyme I 


All vessels contained, in a final volume of 0.6 ml., 25 umoles of 
Tris buffer, pH 8.0, and 5 wmoles of MgCls. Where indicated 3 
umoles of glutamine or PRPP were added. The vessels were 
incubated at 38°. 





Glutamic acid 


Substrates | Py = ad 





pene time| tommed 

min pmoles | pmoles 
Glutamine............... 30 0 0 
| RRR see Ly Gia t-£ | 0 
Glutamine + PRPP...... 0 0 0 
Glutamine + PRPP...... 10 | (2 4.73 
Glutamine + PRPP...... 20 0.74 | 0.67 
Glutamine + PRPP...... 30 1.15 1.07 
Glutamine + PRPP...... 60 1.45 1.32 





TaBLe IV 
Formation of ADP from ATP in synthesis of GAR 


All vessels contained, in a final volume of 2.5 ml., 5 umoles of 
ATP, 25 umoles of Tris buffer, pH 8.0, and 5 wmoles of MgCly. 
Where indicated the following materials were added: 15 umoles of 
glycine, 15 uwmoles of glutamine, 5 umoles of PRPP and 0.1 ml. 
each of Enzyme I and Enzyme II. The vessels were incubated 
for 30 minutes at 38°. All values have been corrected for apyrase 
activity measured in the absence of the other substrates. 


Substrates Enzyme ATP ADP | on. 

} pmole pmole umole 
Glutamine, glycine, PRPP I —0.03 | +0.05 | 0 
Glutamine, glycine, PRPP.... II —0.03 +0.01 | 0 

Glutamine, glycine, PRPP.. I + Il) —0.26 | +0.25 | 0.27 
Glutamic, glycine.... sy I + II) —0.04 | +0.03 | 0 
Glutamine, PRPP.............| I + Il —0.02 | +0.01 | 0 
Glycine + PRPP......... | I+ Il +0.02 | 0 


—0.03 | 
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TABLE V 
Demonstration of formation of intermediate in synthesis of GAR 
from PRPP, glutamine, ATP, and glycine 


All vessels contained, in a final volume of 0.3 ml., 15 umoles of 
Tris buffer, pH 8.0, and 1 ymole of MgCls. Additions of the sub- 
strates were 1 ymole each. 0.05 ml. of each enzyme solution was 




















used. Incubation time for the second incubation was 30 minutes 
at 38°. 
_— 
First incubation Second incubation 
| | na ae | | 
Substrates mae Time | Substrates ‘Enzyme oo. 
~ er i — 
min | mymoles 
I kas 1 | 30 | are + glycine II | 0 
Glutamine.......... | I | 30 | ATP + gly cine| Il 0 
PRPP + glutamine | | 30 | ATP + glycine) II | 0 
PRPP + glutamine. I 0 | ATP + glycine, IT | 0 
PRPP + glutamine.) I | 15 | ATP + glycine’ II | 1.2 
PRPP + glutamine.| I | 30 | ATP + glycine II 2 
1 | 





acid-2-C" was incubated both with PRA (in the presence and 
absence of pyrophosphate) and with a system actively synthesiz- 
ing PRA from PRPP and glutamine. The glutamic acid-2-C" 
and glutamine which had been added as a “bank” were then 
separated from each other by paper chromatography with a 
butanol-acetic acid-water solvent (5:1:4) and the radioactivity 
of the two spots determined by direct counting. In neither case 
was any detectable amount of glutamine-C" formed. Similarly, 
P®-pyrophosphate was neither incorporated into nor exchanged 
with the pyrophosphate group of PRPP under any conditions. 


ENZYME 





+ PRPP 
+ GLUTAMINE 
+ OH® 























] 8 H ? ° 
0-P—0—-P~O--7A. wv NH; C* OH 
oe) R 
| H,OPO= 
tem q 
7-O-P=0 ANH, C-OH 
oO © 
| H,OPO, 
+ PRA+ PP 


+ GLUTAMIC ACID 








Fic. 3. The proposed mechanism for the synthesis of PRA 
from glutamine and PRPP. 
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In these experiments, the pyrophosphate and PRPP were sepa- 
rated by the specific precipitation of the manganous salt of pyro- 
phosphate. More recently, it was found that the preparation 
of Enzyme I (but not Enzyme II) rapidly decomposed PRA to 
ribose-5-phosphate. This decomposition, together with an un- 
favorable reaction equilibrium, has made it impossible to dem- 
onstrate the reversal of this reaction. 

Demonstration of Enzymatically Formed Intermediate in Syn- 
thesis of GAR—Large-scale incubations have been carried out 
unsuccessfully in an attempt to accumulate isolatable quantities 
of PRA. That small amounts of such an intermediate were 
formed was demonstrated by an experiment summarized in 
Table V. When Enzyme I was preincubated with PRPP and 
glutamine, the enzyme denatured by heating at 100°, and then 
when the mixture was incubated with Enzyme II, glycine, and 
ATP, small but definite amounts of GAR were formed. The 
instability of the intermediate formed was such that its at- 
tempted isolation on ion exchange resins or paper chromatograms 
yielded only ribose-5-phosphate. The material prepared by 
chemical synthesis behaved in the same manner and no material 
possessing activity in the second enzyme system was ever re- 
covered, even under seemingly very mild isolation conditions 
involving paper and ion exchange chromatography. 


DISCUSSION 


Evidence for PRA as Intermediate—Even though the isolation 
and characterization of this intermediate from an enzymatic 
system has not yet been accomplished, there is a large amount 
of evidence in favor of the role of PRA in GAR synthesis. The 
stoichiometry of the reaction between PRPP and glutamine 
suggested as an intermediate a molecule containing both a 
nitrogen atom (from glutamine) and the 5-phosphoribosyl 
moiety. PRA is a very plausible reactant, together with ATP 
and glycine, in the formation of GAR. In the following paper, 
the reversal of the second enzymatic step, that is, a reaction 
between GAR, ADP, and phosphate to form ATP and glycine 
will be described in detail. A consideration of the stoichiometry 
of this reaction again suggests that the glutamine-derived nitro- 
gen atom and the 5-phosphoribosyl group must be present in one 
molecule. Perhaps the best evidence for PRA as an inter- 
mediate in GAR synthesis is the fact that the chemically syn- 
thesized material is active in a purified enzyme system. 

It is of interest to note that the chemical synthesis of gly- 
cinamide ribonucleoside (15) can be carried out by a route 
analogous to the enzymatic reaction for the synthesis of GAR, 
except that in the chemical synthesis the hydroxyl groups of the 
ribose and the amino group of the glycine are protected. In the 
chemical synthesis an activated form of glycine, benzoylcar- 
boxylglycyl ethyl carbonate, was reacted with the 1-amino group 
of 2,3,5-tri-O-benzoyl-8-p-ribofuranosylamine. 

Mechanism of Reaction—The fact that no exchange occurs 
between inorganic P®-pyrophosphate and the pyrophosphate 
group of PRPP in the presence of Enzyme I (E) rules out the 
existence of a reversible reaction of the type: 


PRPP + E — 5-phosphoribosyl-E + PP (6) 
followed by 


5-phosphoribosyl-E + glutamine + H.,O > 


PRA + glutamic acid + E @%) 


Flaks et al. (16) in this laboratory have purified extensively an 
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enzyme from beef liver which synthesized the corresponding 
ribonucleotides of adenine and 5-amino-4-imidazolecarboxa- 
mide in the presence of these bases and PRPP. Since the rela- 
tive activities toward each of the bases is constant over a 100- 
fold purification, one enzyme appears probably to be catalyzing 
both reactions. A transfer of the 5-phosphoribosyl group from 
one ribonucleotide to the other free base can be demonstrated, 
but the reaction depends on the addition of inorganic pyrophos- 
phate. Apparently a 5-phosphoribosyl-enzyme complex is not 
an intermediate in this reaction. In all probability PRPP is 
the actual intermediate, being formed during the pyrophosphor- 
olysis of one ribonucleotide and being utilized in the synthesis 
of the other. From analogy, one would expect that PRPP and 
glutamine react directly without the formation of a 5-phos- 
phoribosyl-enzyme complex as shown in Equation 6. 

The work of Remy et al. (13) has shown unequivocally that 
PRPP exists in the a-configuration. All the natural purine 
nucleotides are known to be in the 6-form and it is almost a 
certainty that the phosphoribosyl intermediates of inosinic acid 
biosynthesis are also of the 6-configuration. Since in the reac- 
tion between PRA, glycine, and ATP, the carbon to nitrogen 
bond of the PRA is not involved, one would anticipate that 
PRA is already of the $-configuration. Therefore, a single 
inversion takes place in the formation of B-PRA from a-PRPP 
and not a double inversion, as the scheme shown in Equations 
6 and 7 would necessitate. A single inversion mechanism 
resulting in PRA and glutamic acid as products can best be 
visualized as a nucleophilic attack by the amide nitrogen 
of glutamine upon the 1-carbon of PRPP activated, or rendered 
electrophilic, by the strongly electron-attracting pyrophosphate 
group. The amide nitrogen of glutamine per se is a very poor 
nucleophilic agent, but its nucleophilic reactivity could be 
greatly enhanced by the simultaneous attack on the carboxamide 
carbon of glutamine by a basic group derived either from the 
enzyme or from the solvent (i.e. hydroxyl ions). Such a scheme, 
which is represented in Fig. 3, shows a possible transition state 


for the substrates on the enzyme surface. This hypothesis 
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would require that the entire reaction take place at one enzyme 
site without the formation of a definite covalent intermediate 
such as the glutamy] derivative of phosphoribosylamine. The 
fact that inorganic pyrophosphate and glutamic acid are liber- 
ated in equivalent amounts within the experimental error during 
the reaction of PRPP and glutamine in the presence of a highly 
purified enzyme is evidence that such an intermediate is not 
accumulating in significant quantities. However, it does not 
rule out the possibility that the glutamyl derivative is being 
formed momentarily and hydrolyzed as rapidly as it is produced. 
The concerted mechanism for PRA synthesis which is illustrated 
in Fig. 3 and which does not include the glutamyl] derivative as a 
discrete intermediate is, however, a more likely possibility. 


SUMMARY 


5-Phosphoribosylpyrophosphate amidotransferase, the en- 
zyme which catalyzes the formation of 5-phosphoribosylamine 
from glutamine and 5-phosphoribosylpyrophosphate, has been 
purified 90-fold from the soluble proteins of pigeon liver. This 
enzyme has been completely separated from a second enzyme 
responsible for the further metabolism of 5-phosphoribosylamine. 
In the course of this reaction, glutamic acid and pyrophosphate 
are released at equivalent rates. The third product of this 
reaction, phosphoribosylamine, has not been isolated from the 
enzymatic system, but this material, chemically synthesized, 
is active in the formation of 2-amino-N-ribosylacetamide-5’- 
phosphate (glycinamide ribonucleotide) in the presence of 
glycine, adenosine triphosphate, and a second purified enzyme. 
Adenosine diphosphate is formed as a product of this second 
reaction. 

It has not been possible to demonstrate the reversibility of the 
reaction responsible for the synthesis of 5-phosphoribosylamine 
from 5-phosphoribosylpyrophosphate by isotopic exchange 
studies. A mechanism is proposed for the synthesis of phos- 
phoribosylamine based on these findings and on the strong 
probability that the reaction involves a single displacement 
at the 1-carbon of 5-phosphoribosylpyrophosphate. 
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XXII. 2-AMINO-N-RIBOSYLACETAMIDE-5’-PHOSPHATE KINOSYNTHASE* 
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In recent years the mechanisms of several enzymatic reactions 
involving amide bond synthesis have been studied in detail. 
These reactions are of interest not only by virtue of their special 
significance in protein synthesis, but also because they can pro- 
vide information needed to reconcile our concepts of enzymatic 
reactions in terms of the mechanistic approach of organic chem- 
istry. With the omission of coenzyme A-mediated reactions, 
these amide bond biosyntheses fall into two important groups 
of reactions, both characterized by simultaneous splitting of a 
phosphoanhydride bond of a nucleoside triphosphate. The first 
group can be characterized by the formation of adenylic acid 
and pyrophosphate from adenosine triphosphate, as in amino 
acid activation (2) and pantothenic acid biosynthesis (3) and, 
the second, by the formation of adenosine diphosphate and 
orthophosphate from adenosine triphosphate, as in glutathione 
(4) and glutamine formation (5-8). In this paper it will be 
shown that the amide bond synthesis involved in the formation 
of glycinamide ribonucleotide (GAR)':? is of the second type 
(Equation 1) and analogous to these previously studied reac- 
tions. 


glycine + ATP + PRA @ GAR + ADP + P; (1) 
The purification of the enzyme, 2-amino-N-ribosylacetamide-5’- 


* A preliminary report of this work has been published (1). 
These investigations have been supported by grants-in-aid from 
the National Cancer Institute, National Institutes of Health, 
United States Public Health Service, Bethesda, Maryland, and 
the National Science Foundation, Washington, D. C. 

t United States Public Health Service Research Fellow of the 
National Institute of Arthritis and Metabolic Diseases, National 
Institutes of Health, United States Public Health Service (1955- 
57). 

The following are systematic names of some of the inter- 
mediates of purine biosynthesis mentioned in this paper: 2-amino- 
N-ribosylacetamide-5’-phosphate, glycinamide ribonucleotide 
2-formamido-N - ribosylacetamide -5’- phosphate, formylglycina- 
mide ribonucleotide. At the suggestion of the Editors, the 
authors have employed the term “ribonucleotide’”’ to replace 
“‘ribotide’’ used extensively in previous communications to desig- 
nate the phosphoribosyl moiety of intermediates of inosinic acid 
biosynthesis. 

2? The abbreviations used are: GAR, glycinamide ribonucleo- 
tide; PRA, 5-phosphoribosylamine; ATP, adenosine triphosphate; 
ADP, adenosine diphosphate; P;, orthophosphate; Tris, tris- 
(hydroxymethyl) aminomethane. 
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phosphosphate kinosynthase (GAR kinosynthase),? which cata- 
lyzes this reaction has been described. 


EXPERIMENTAL 


Preparation of GAR—The barium salt of GAR was prepared 
as previously described (9). For use in enzymatic incubations, 
the GAR was dissolved in water and the barium ions removed by 
treatment of the solution with a small amount of Dowex 50 
sodium resin. The GAR resulting from this procedure was all 
in the active or 8-form. A superior method of preparation from 
the standpoint of yield involved hydrolysis of the formamide 
group of formylglycinamide ribonucleotide to give GAR and 
formic acid. The barium salt of formylglycinamide ribonucleo- 
tide (9) was dissolved in the minimum amount of water and the 
pH of the solution adjusted to 0.9 with concentrated HBr. 
Then the mixture was heated for 15 minutes in a boiling water 
bath. After adjustment of the pH to 8 with NH,OH, barium 
bromide and 4 volumes of ethanol were added to precipitate 
GAR as the barium salt. This material was then purified by 
chromatography with 0.05 m ammonium acetate, pH 5.35, on 
Dowex | acetate, as described previously (9). Partial conversion 
(25 to 35 per cent) of the enzymatically active to the inactive 
form of the ribonucleotide was caused by the acid hydrolysis. 
The amount of the 8-form of GAR present was determined by 
the enzymatic assay described in Part XXI of this series (10). 

Determination of Glycine in Presence of GAR—Glycine-1- 
C™ derived from GAR-1-C™ in the reversal of Reaction 1 could 
be determined in the presence of residual GAR by decarboxyla- 
tion with ninhydrin. 10 mg. of carrier glycine were added to 
the reaction mixtures together with 5 ml. of an aqueous solution 
containing 2 gm. of ninhydrin, 20 gm. of KH:2PO,, and 3.5 gm. 
of K3PO, per 100 ml. The CO, evolved was collected in satu- 
rated Ba(OH): and plated as BaCO; for counting. A correction 


3 In consideration of a generic name for the class of enzymes 
catalyzing these reactions, a term was required which expresses 
their especial synthetic aspects and also which implies the require- 
ment for the activating effect of ATP (or other nucleoside tri- 
phosphates) in the reactions. We have, therefore, coined the 
general term kinosynthase which is intended to imply with free 
interpretation the enzymes involved in the process of bond for- 
mation by direct (ATP) activation; that is, activation not me- 
diated by free anhydride intermediates. This term is used to 
distinguish this group of enzymes from the kinases which actually 
are phosphate-transferring enzymes in which one reactant is ATP 
or another nucleoside triphosphate. 
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was made for the decarboxylation of about 5 per cent of the GAR 
which occurred under these conditions. 
Preparation and Determination of O*%-Labeled Compounds— 


H.O"* was purchased from the Stuart Oxygen Co. From this 
KH,PO,* was prepared by the method of Cohn (11). This 
O'8-containing phosphate was analyzed for its O content by an 
adaptation of the method of Dostrovsky and Klein (12). In 
order to test the isolation procedures to be used in the O" ex- 
periment, O"-labeled glycine was prepared by heating 0.5 gm. 
of glycine at 130° for 16 hours in a sealed tube with 1 ml. of 
HO" and 0.45 ml. of HCl. The glycine hydrochloride was 
then precipitated with 5 volumes of ethanol, recrystallized from 
hot ethanol, and dried over P:O;. 

In the O* exchange experiment, it was necessary to determine 
the 08 content of the carboxyl group of glycine. CO» derived 
from the carboxyl group could be obtained by the ninhydrin 
reaction with the exclusion of oxygen exchange, provided no 
water was present in the reaction mixture. Preliminary experi- 
ments showed that the oxygen atoms of the CO: evolved in 
the ninhydrin reaction, carried out in the usual manner, com- 
pletely equilibrated with the water present. However, when 
methyl Cellosolve was used as the solvent, no dilution of isotope 
took place. 50 umoles of carrier glycine were added to the 
reaction mixtures, which were then adjusted to pH 5, lyophilized 
completely to dryness, and treated with 100 mg. of ninhydrin 
in 20 ml. of methyl Cellosolve. The CO, evolved was collected 
in saturated Ca(OH)2. The resulting CaCO; was collected by 
centrifugation, washed, and dried in vacuo. The CO: which 
was released by heating the CaCO; with a microburner was 
driven directly into the mass spectrometer for O' analysis. 
By this method sufficient CO. was obtained for analysis from a 
minimum of 3 mg. of glycine. 

Preparation of Hydroxylamine—Salt-free NH,OH was pre- 
pared by passing a 4 m solution of NH,OH-HCI through a 
small Dowex 1 hydroxide column. Collection was begun when 
the eluate first became strongly basic. Collection was stopped 
when the eluate became acid, an indication that the column 
had been completely converted to the chloride form. The pH 
of the solution was adjusted to 8. This solution must be used 
immediately. Formation of glycyl hydroxamate was followed 
by the method of Schweet (13). 

Adenosine phosphates were separated on ion exchange resins 
according to the method of Siekevitz and Potter (14) and esti- 
mated spectrophotometrically. In the experiments involving 
P*-phosphate, ATP and phosphate were separated by the char- 
coal absorption method of Crane and Lipmann (15). Na2sHP®O, 
was purchased from Tracerlab, Inc. 


RESULTS 


Purification of GAR Kinosynthase (Enzyme II)—The enzyme 
purification described herein could be employed with either 
pigeon or chicken liver as the source, but the chicken enzyme 
seemed to be significantly more stable. The formation of GAR 
in the presence of excess 5-phosphoribosylpyrophosphate 
amidotransferase (Enzyme I) was used as the assay for Enzyme 
II. A plot of milligrams of protein against GAR synthesis did 
not give a straight line, but rather a curve (Part XXI of this 
series). For this reason the activities were always compared 
with a 15 to 30 per cent ethanol fraction. A standard curve re- 
lating enzyme activity to GAR synthesis was prepared with the 
15 to 30 per cent ethanol fraction as a source of Enzyme II. 
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TaBLe I 
Purification of GAR kinosynthase (Enzyme IT) 





Relative 


Purification step activity 


Yield 





% 

15-30 % ethanol fraction............. 1.0 

First ammonium sulfate.............. 2.2 61 
8.4 


ee eee 22.0 15 


NIG ia Neitdale an 6 0rd oa bs ks aoeam 











Protein concentrations were determined spectrophotometrically 
with the assumption that 1 mg. of protein per ml. has an absorb- 
ancy of 1.6 when measured at 280 my and in a light path of 1 
cm. 

The results of the fractionation procedure described below 
are reported in Table I. 

First Ammonium Sulfate Fractionation—The 15 to 30 per cent 
ethanol fraction of chicken liver was prepared as described 
previously for pigeon liver. Except where noted all steps were 
carried out at 2°. 20 gm. of the lyophilized ethanol fraction 
were dissolved in 1 liter of 0.1 M ammonium citrate buffer, pH 5.3. 
For each liter of enzyme solution 278 gm. of ammonium sulfate 
were added (0.45 saturation), and the precipitate was removed 
by centrifugation. To the supernatant solution were added 
166 gm. of ammonium sulfate per liter (0.65 saturation) and 
the precipitate was collected. This precipitate was dissolved in 
250 ml. of water and dialyzed against continuously changing 
water for 6 hours. The precipitate formed was removed by 
centrifugation and discarded. 

Second Ammonium Sulfate Fractionation—To each 100 ml. of 
the resulting solution were added 0.05 volume of 1 m Tris buffer, 
pH 8.0, and 37.4 gm. of ammonium sulfate (0.58 saturation). 
The precipitate was removed and 15.5 gm. of ammonium sulfate 
were added to each 100 ml. of the supernatant solution (0.80 
saturation). The precipitate was collected, dissolved in 60 
ml. of water and dialyzed against 0.02 m Tris buffer, pH 8.0, 
for 8 hours. 

Acetone Fractionation—The dialyzed solution was carefully 
adjusted to pH 5.3 with 1 m acetic acid. Acetone was added 
to the protein solution dropwise to 30 per cent concentration in 
a room maintained at —18°. When the temperature of the 
solution reached —10°, the precipitate was removed by centrif- 
ugation for 15 minutes at 25,000 x g. To the supernatant 
solution acetone was added, as previously described, to a final 
concentration of 50 per cent and the precipitate again collected 
at —10°. This precipitate was dissolved in 50 ml. of 0.02 m 
Tris buffer, pH 8.0, and dialyzed against 4 liters of the same 
buffer for 8 hours. The residual acetone should be removed 
by dialysis because prolonged contact with the acetone solution 
is deleterious to the enzymatic activity. This solution of 
enzyme, which is stable for about 1 month at 2°, was used in 
all of the studies reported. Most preparations of the enzyme 
contained little apyrase and no enzymes which exchange the ter- 
minal phosphate of ATP with inorganic phosphate, but appre- 
ciable adenylic kinase activity. A further fractionation of the 
enzyme could be achieved by treatment with alumina Cy gel as 
described below. 

Alumina Cy Gel Step—The dialyzed acetone fraction was 
diluted with water to a final concentration of 3 mg. of protein 
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TaBLeE II 
Hydrozamic acid formation 


All vessels contained, in a final volume of 0.3 ml., 300 umoles of 
salt-free NH2OH, 50 uwmoles of Tris buffer, pH 7.4, and 2 umoles 
of MgCle. Where indicated, additions were 7.5 wmoles of gly- 
cine, 3 umoles of ATP, 0.25 ymole of GAR, 2 umoles of ADP, and 
2 umoles of KzHPO,. The vessels were incubated for 30 minutes 

















at 38°. 
Substrates Enzyme Hy a | acid 

umole 

1. Glycine + ATP.............. II 0.20 

2. Glycine + ATP.............. 0 

III ois cr6:6 2.506 5 yee 6.01 9:5 Fy are II 0.01 

uate Eeter de PP ieeepoae eae II 0.01 

Re | oe a II 0.09 

_ de... SORA SRI eee are ee II 0 

ra oy a eee II 0.01 

Die fe ab hie oo Paw II 0 

TaBLeE III 


Glycine formation from GAR 


All vessels contained, in a final volume of 0.5 ml., 0.1 umole of 
GAR-1-C" (25,000 c.p.m. per umole), 2 umoles of MgCle, 15 umoles 
of Tris buffer, pH 8.0, and 0.05 ml. of Enzyme II. Where indi- 
cated, additions of the other substrates were at the level of 2 








pmoles. The vessels were incubated for 30 minutes at 38°. 
Substrates added Glycine formed 

umole 

Ct). 9 Si San ore eae ee 0.048 

a 0.055 

ERR Ee iene ann ae arene 0.002 

AsO;* 2 re are ee ee ee 0.004 

Eo tt Aedes Fic tinea Ted ete 0 0.006 

NE oie dns Sade ow pieces « 0.014 

AMP + pyrophosphate......... 0.010 








TABLE IV 
Incorporation of PO, into ATP 


All vessels contained, in a final volume of 0.5 ml., 2 umoles of 
Na:HP#O, (489,000 c.p.m. per umole), 2 wmoles of MgCle, 15 
umoles of Tris buffer, pH 8.0, and 0.05 ml. of Enzyme II. Where 
indicated, additions were 0.1 wmole of GAR, 2 umoles each of 
ADP, AsO,", ATP, and glycine, and 4 umoles of PRA. The ves- 
sels were incubated for 30 minutes at 38°. 








Substrates added ATP® formed 

pmole 

Le GAR Ae ADP . 2a o5 ie cies saw. 0.040 

SSE ee ey See ere 0.001 
OS RD ne re Poe ee 0 

4. GAR + ADP + AsO4....... 0.018 
ic SP PRic Gidinin ealoehe or cies ed 0 
6. ATP + glycine.............. 0 

7. ATP + glycine + PRA... 0.010 
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per ml. and the solution was adjusted to pH 6.1 with 1 m sodium 
acetate buffer, pH 5.0. Alumina Cy gel suspension (16) was 
added at a gel to protein ratio of 0.25, conditions under which 
about 35 per cent of the protein was absorbed. The enzyme 
was then eluted from the gel with a volume of 0.05 m potassium 
phosphate buffer, pH 7.6, equal to that of the original acetone 
fraction taken. 

Use of Hydroxylamine in Studies on Mechanism of GAR 
Synthesis from PRA, Glycine, and ATP—Experiments have 
been reported in Part XXI of this series which demonstrate 
that synthetically prepared PRA reacts with glycine and ATP 
to form GAR, ADP, and inorganic phosphate. Magnesium 
ions were required for this reaction. The formation of hydrox- 
amates has frequently been used as evidence that activation 
of a carboxyl group is involved in an enzymatic reaction (17). 
As shown in Table II, Enzyme II catalyzes the reaction of 
hydroxylamine with ATP and glycine to form a hydroxamic 
acid. This reaction of glycine with hydroxylamine is analogous 
to the reaction of glycine with the natural amino donor, PRA. 
It is of interest to note that the affinity of the enzyme for PRA 
is considerably greater than that for hydroxylamine since the 
glycine hydroxamate is formed only at a relatively high concen- 
tration of the hydroxylamine. 

GAR in the presence of hydroxylamine will also form a 
hydroxamic acid enzymatically, provided that ADP and phos- 
phate are present. These results, shown in Table II, are 
analogous to those obtained in amino group transfer reactions 
observed with the glutamine (6, 8) and glutathione (4) synthe- 
sizing enzymes. 

Studies on Reversal of Reaction 1—The reversal of Reaction 1 
has been studied by measurement of the formation of glycine 
from GAR or by the formation of radioactive ATP from P*- 
labeled phosphate. In contrast to the reactions involved in glu- 
tamine and glutathione synthesis, the equilibrium of Reaction 1 
is much more favorable to the phosphorolysis of GAR. As 
shown in Table IIT, both ADP and orthophosphate were required 
for glycine formation from GAR. Under the conditions of the 
experiment reported in Table III, approximately 50 per cent of 
the GAR was converted to glycine. In other experiments, not 
recorded, up to 80 per cent of the GAR could undergo this reac- 
tion. A combination of adenylic acid and pyrophosphate could 
not replace ADP and orthophosphate. Likewise, ATP could 
not replace ADP in the reversal of Reaction 1. 

The participation of orthophosphate in the reaction could best 
be demonstrated by the use of P-labeled compound. P*-la- 
beled orthophosphate was therefore incubated with the system 
and the incorporation of isotope into the adenine nucleotides 
was determined (Table IV). The charcoal adsorption method 
employed does not distinguish between ADP and ATP. Fur- 
thermore, the adenylic kinase present in the enzyme preparation 
is known to equilibrate partially the terminal phosphates of 
ADP and ATP. However, since there is no equilibration of 
orthophosphate with the nucleotide phosphates in the absence 
of GAR, the incorporation which occurred in its presence could 
only be a result of a specific reaction between ADP and ortho- 
phosphate to form ATP. A comparison of the data in Tables 
III and IV shows that 0.8 mole of ATP was formed per mole of 
glycine in the reaction between GAR, phosphate, and ADP. A 
further point of interest is the fact that the incorporation of 
P® of orthophosphate into ATP can also be demonstrated when 
glycine, ATP, and PRA are added to the enzymatic system in 
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place of ADP and GAR (Table IV). The significance of this 
finding will be further treated in the “Discussion.” 

In experiments not reported, it was found that under conditions 
in which orthophosphate exchanged with ATP, glycine did not 
stimulate any exchange of P®-pyrophosphate with ATP. This 
finding excludes the possibility that the carboxyl activation of 
glycine by ATP by our enzyme preparation takes place via the 
amino acid-activating mechanism studied by Hoagland (2). 

Effect of Arsenate on Reaction—As shown in Table III arsenate 
ean replace phosphate in the reaction system, arsenate and 
phosphate being equally effective in causing the conversion of 
GAR to glycine. Furthermore, when arsenate and radioactive 
phosphate were added to an incubation system in equal concen- 
trations, the amount of radioactivity appearing in the adenine 
nucleotides was reduced 50 per cent as compared to controls 
without arsenate. In this system, the amount of glycine 
formed from GAR was not diminished by the presence of arsenate 
in the vessel. These results indicate that arsenate and phosphate 
have a comparable affinity for the enzyme and that arsenate 
participates in the reaction possibly by formation of a ADP- 
arsenate compound which breaks down spontaneously to arsenate 
and ADP. It is of particular importance that arsenate may 
replace phosphate in the enzymatic system only when ADP 
is present. 

Use of O'8-labeled Compounds in Study of Mechanism of Reaction 
1—Cohn (18), Kowalsky et al. (19) and Boyer et al. (20) have 
employed O'*-labeled compounds in the cases of citrulline and 
glutamine formation to study carboxyl-activation reactions 
very similar to the one in question in GAR synthesis. The 
particular question in the case of GAR synthesis was whether 
the glycine carboxyl group interacts with the terminal phosphate 
of ATP on the one hand or with one of the other phosphates on 
the other to form either an adenylic acid-glycine or ADP- 
glycine complex. The formation of an adenylic acid-glycine 
complex is ruled out, however, on other grounds since ADP and 
phosphate are the reaction products in contrast to the findings 
of the amino acid activation studies in which adenylic acid is a 
product of the reaction. The O" of carboxyl-labeled glycine 
should be transferred either to orthophosphate or to ADP 
formed from ATP, depending upon which type of mechanism is 
operative. In previously studied cases in which ADP and ortho- 
phosphate have been the products of ATP utilization, the oxygen 
transfer has been from the carboxy] group to the orthophosphate. 
It was expected that this would be the case in glycine activation 
for GAR synthesis also. Since it was more convenient to carry 
out this experiment in the reverse direction, O"-labeled ortho- 
phosphate was incubated with GAR and ADP, and the O" con- 
tent of the glycine formed in the reaction was determined (Table 
V). The reported atoms per cent excess O"8 for the glycine has 
been corrected for dilution of the isotope due to addition of 
carrier glycine at one point in the analysis and for the introduc- 
tion of the oxygen of water during the conversion of CO» (formed 
from the carboxyl group) to CaCO;. The average atoms per 
cent excess of the glycine was 96 per cent of that expected for the 
transfer of 1 atom of O8 from phosphate to glycine during the 
reaction. 


DISCUSSION 


A number of enzymes are being recognized that catalyze 
reactions, the stoichiometry of which can be represented by: 


A+ B+ ATP @C-+ ADP + P; (2) 
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TABLE V 


Transfer of O'* during the conversion of GAR to glycine 
in the presence of O'8-labeled orthophosphate 


The orthophosphate contained 0.490 atoms per cent excess O'8. 
Each vessel contained, in a final volume of 10 ml., 12 wmoles of 
GAR, 250 umoles of K;HPO,'*, pH 7.4, 100 uzmoles of ADP, 100 
umoles of MgCl., and 2 ml. of Enzyme II. The vessels were in- 
cubated for 1 hour at 38°. The reaction was stopped by placing 
the vessels in a water bath at 100°. 








Atoms per cent excess O'8 in glycine 
Vessel | fonned 
1 | 0.488 


2 | 0.454 





Average 0.471 








Since the mechanisms of these reactions seem to have certain 
features in common, there is justification for our treating them 
as a group. During these reactions the hydrolysis of the 
pyrophosphate bond of the ATP and a concommitant removal of 
the elements of water from the reactants is effected. The same 
oxygen atom which is removed in the dehydration of the reactants 
is used to perform the hydrolysis of the ATP. A covalent 
bond is thereby formed between the two Reactants A and B. 
It is felt that the three amide syntheses, those of glutamine, 
glutathione, and glycinamide ribonucleotide, are sufficiently 
similar in nature to serve as members of such a class. It seems 
probable that two other enzyme systems may soon be shown 
to fall in this group; namely, the reactions in which adenylosuc- 
cinic acid is formed from inosinic acid and aspartic acid (21-23), 
and cytidine triphosphate from uridine triphosphate and am- 
monia (24). 

The enzymatic synthesis of GAR from glycine, ATP, and 
PRA has much in common with the formation of two other 
amides whose mechanisms have been studied in detail, i.e. those 
of glutamine from glutamic acid (5-8) and ammonia, and of 
glutathione from y-glutamyleysteine and glycine (4). The 
important points of similarity are: (a) the products of ATP 
utilization are ADP and orthophosphate; (b) no evidence exists 
for the involvement of more than one enzymatic step; (c) car- 
boxyl activations are demonstrated by the formation of hy- 
droxamic acids in the presence of hydroxylamine and ATP; (d) 
arsenolysis of the products of reaction requires ADP; (e) phos- 
phate exchange into ATP requires both the carboxyl and amino 
reactants; and (f) the formation of either the carboxyl or amino 
reactant by a reversal of the synthetic reaction (or an exchange) 
requires both ADP and phosphate or arsenate. 

All of the synthetic reactions and exchanges catalyzed by the 
three enzymes under discussion require the presence of all 
three substrates. For example, in the GAR-synthesizing system, 
either glycine, ATP, and PRA or GAR, ADP, and phosphate 
(or arsenate) are necessary for any of the reactions studied to 
proceed. It is felt that these findings preclude mechanisms 
involving the formation of covalent enzyme-substrate compounds 
or of free carboxylphosphate intermediates. In such mecha- 
nisms, partial reactions could take place in which one or more 
of the substrates would not be required. Specifically, the 
requirement of the enzymatic system for ADP in the arsenolysis 
of GAR would exclude such an intermediate as glycyl arsenate, 








460 


) © 0 © 
| \ 7 
Ad — P —O — P80==0------P------ 


| 
0° 0° oP 


Fig. 1. A proposed transitional complex at the enzyme surface 


Biosynthesis of Purines. 


XXII Vol. 233, No. 2 


0 H8® OH 


r) | ' oH oe 
O----- on--- N q 
0 
i. ran 
NH, 


involved in the reversible conversion of glycine, ATP, and PRA 


into GAR, ADP, and phosphate. Adenosine is abbreviated as “Ad” in Figs. 1 and 2. 


a compound which would be expected to decompose spon- 
taneously (25, 26), without the participation of ADP. 

The enzymatic components responsible for the synthesis of 
glutathione and GAR also carry out an exchange of ADP and 
ATP in the absence of other substrates (4). Such a reaction 
has also been reported for the glutamine-synthesizing system 
(27), but work with more highly purified enzyme preparations 
has shown that this exchange requires glutamic acid and am- 
monia (6, 8). An obvious interpretation of these results is a 
reversible phosphorylation of the enzyme (E) by ATP; 


E + ATP @E — P + ADP (3) 


The formation of the amide by this activated enzyme would 
then be mediated by either an enzyme-carboxyl or a carboxyl- 
phosphate compound. Snoke and Bloch (4), and Kowalsky 
et al. (19) have shown such schemes to be highly unlikely on the 
basis of the other evidence concerning the mechanism of these 
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Fig. 2. A proposed mechanism for the glutamine-synthesizing 
system based on the kinetic studies of the interactions of sub- 
strates on the enzyme site. 


reactions. It is therefore felt that the assumption that the 
ADP-ATP exchange represents a phosphorylation of the active 
enzymatic site must be abandoned. 

We would like to propose a mechanism for GAR synthesis 
and related reactions incorporating the concept that the enzyme 
is a polyfunctional catalyst which facilitates the simultaneous 
electrophilic (electron withdrawing) and nucleophilic (electron 
donating) interactions of the substrates (28). A possible 
transition complex in the GAR synthesis reaction is depicted in 
Fig. 1 in accordance with this proposal. A unique feature of this 
mechanism is the suggestion that the electrophilic effect of the 
ATP upon the carboxyl group undergoing reaction is achieved 
not by a full covalent anhydride bonding but by a partial 
electronic interaction effected by the close proximity of the 
groups. This electrophilic effect makes the carboxyl group 
more amenable to the nucleophilic attack of the amino moiety 
of PRA. In Fig. 1 the dotted lines represent these partial 
interactions and the symbol 6 represents the partial charge 
residues associated with the atoms. The formation of any new 
covalent bonds in the products of the breakdown of this transi- 
tion complex requires the concerted participation of both the 
electrophilic (ATP) and nucleophilic (PRA) reactants. No 
exchange reactions can therefore take place in the absence of 
all three substrates. 

Boyer and Fromm (29) have recently investigated the exchange 
reactions catalyzed by the glutamine enzyme and have found 
that the rate of the glutamate-ammonia dependent exchange 
of P-labeled phosphate with ATP is much larger than the 
exchange of glutamic acid-C" with glutamine. These workers 
have proposed a mechanism in which ammonia is first added to 
the y-carboxyl group of glutamic acid on the enzyme surface. 
This complex is then phosphorylated by ATP and the phos- 
phorylated intermediate then breaks down to form phosphate 
and glutamine. 

The mechanism of Boyer and Fromm does not explain the 
findings of Varner and Webster (8) and Levintow et al. (6). 
In the presence of ADP and phosphate, the exchange of the 
amide nitrogen of glutamine with hydroxylamine was much 
faster than that of the glutamyl portion of glutamine with free 
glutamic acid. This information suggests the formation of an 
intermediate ATP-glutamic acid complex which can react with 
ammonia or hydroxylamine to form the corresponding amides, 
or to break down to yield glutamic acid and ATP. A possible 
scheme which is in accord with the evidence from the kinetic 
studies is shown in Fig. 2. 


SUMMARY 


The synthesis of 2-amino-N-ribosylacetamide-5’-phosphate 
(glycinamide ribonucleotide or GAR) from glycine, 5-phos- 
phoribosylamine (PRA), and adenosine triphosphate (ATP) 
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takes place according to the following reaction: 
glycine + ATP + PRA @ GAR + ADP + P; 


The enzyme responsible for this reaction, GAR kinosynthase, 
has been purified approximately 60-fold. The reversibility of 
the reaction has been demonstrated by the formation of glycine 
and radioactive ATP when GAR was incubated with adenosine 
diphosphate (ADP) and P®-labeled orthophosphate (Pj). 
Arsenate may substitute for phosphate in the conversion of GAR 
to glycine and may, in fact, compete with phosphate for the 
enzyme site. This is shown by experiments in which the incor- 
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poration of P-labeled orthophosphate into ATP is diminished in 
the presence of arsenate even though the formation of glycine 
from GAR is not. A hydroxamate of glycine may be formed 
when either ATP and glycine or GAR, ADP, and orthophosphate 
are incubated together. When O"-labeled orthophosphate is in- 
cubated with GAR and ADP, O" is found in the oxygen of 
the glycine produced. The reaction in either direction does 
not take place in the absence of any one of three substrates, 
glycine, ATP and PRA or GAR, phosphate, and ADP. These 
findings have led to the postulation that all three substrates 
interact at the enzyme surface without the formation of new 
covalent linked compounds as intermediates of the reaction. 
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We have previously reported (2) the presence of two novel 
cytidine deoxyribonucleotides in the acid-soluble extracts of 
calf thymus. These compounds contained 2 moles of phosphate 
per mole of deoxycytidine and, because of their position on 
chromatograms, appeared to contain additional basic groups. 
It was suggested later (1) that the 2 phosphate molecules were 
in pyrophosphate linkage, since acid hydrolysis liberated a basic 
moiety with one of these phosphates attached. This report 
presents evidence for the identification of one of these compounds 
as deoxycytidine diphosphoethanolamine. The ribose analogue, 
cytidine diphosphoethanolamine (3), is also identified. 


EXPERIMENTAL 


Methods—The general procedure for preparation and chro- 
matography of the acid-soluble extract of calf thymus has been 
described (2). An initial separation of the less strongly ad- 
sorbed compounds was made by gradient elution (4) with dilute 
formic acid from a column of Dowex 1-X10-formate, 2 x 40 cm. 
The mixed cytidine diphosphates thus obtained were partially 
resolved by rechromatography on a column of Dowex 1-X10- 
formate, 1 X 20 cm., by gradient elution with 0.2 m ammonium 
formate entering a 250 ml. mixing flask containing water. 4 
ml. fractions were collected. Details of the separation of deoxy- 
cytidine diphosphoethanolamine from its hydrolysis products 
can be found in the legend to Fig. 1. 

Descending paper chromatography was carried out with the 
following solvent systems: isobutyric acid-ammonia (5); butanol- 
acetic acid-water (6); and phenol-water (6). 

Nitrogen and phosphorus were determined on a semi-micro 
scale by methods described by LePage (7). Deoxyribose was 
determined by the Brody modification of the cysteine-sulfuric 
acid reaction (8). Periodate oxidation was carried out for 1 
hour according to the procedure of O’Dea and Gibbons (9). 
After destruction of excess periodate with NaHSO;, formalde- 
hyde was determined in situ with chromotropic acid (10). 
Amino nitrogen was determined by ninhydrin tests (11) on 0.1 
ml. aliquots of the column eluates. Ninhydrin-positive material 
was located on paper chromatograms by spraying with 0.2 
per cent ninhydrin in 95 per cent ethanol. 

Dinitrophenyl ethanolamine was prepared exactly as de- 


* This work was performed under Atomic Energy Commission 
Contract No. AT-(11-1)-75. A preliminary report has appeared 
(1). 


scribed by Hayaishi and Kornberg (12). Under these conditions 
1 wmole per ml. of the compound has an optical density of 1 
at 420 my in a cell with a light path of 1 cm. 

Acid phosphatase was prepared from human semen.! The 
dialysate of the first ammonium sulfate precipitate (0 to 0.52 
saturation) obtained in this procedure was found to be a satis- 
factory source of phosphoethanolamine phosphatase. De- 
phosphorylation of phosphoethanolamine by this enzyme 
preparation was accomplished by incubation for 4 hours at 38° 
under the following conditions: 0.5 umole of substrate; 0.05 
ml. of enzyme (0.085 mg. of protein); 0.1 ml. of 0.5 m sodium 
acetate, pH 5; 0.05 ml. of 0.1 m MgCl.; and water to a volume 
of 0.5 ml. Lyophilized Crotalus adamanteus venom was used 
as a 5’-nucleotidase under conditions previously described (2). 

Isolation of Deoxrycytidine Diphosphoethanolamine and Cytidine 
Diphosphoethanolamine—Material having the spectral properties 
of cytidine compounds was eluted from the Dowex column just 
ahead of cytidylic and deoxycytidylic acid when 0.5 n HCOOH 
was entering a 1000 ml. mixing flask (see Peak B, Fig. 1, in (2)). 
The relatively low affinity of these cytidine compounds for 
the resin suggested that they were esterified to basic com- 
pounds. Upon rechromatography with pH 9.4 ammonium 
formate (3), this material was resolved into three components 
which contained only cytidine compounds. The material 
appearing in the second peak, Fractions 5 to 13, was chromato- 
graphed on paper in the isobutyric acid-ammonia system. 

Two components (Rr = 0.44 and 0.53) were obtained from 
the paper chromatogram, each of which had spectra essentially 
identical to cytidine or deoxycytidine compounds in acidic and 
basic solutions (Table I). Each contained about 2 moles of 
phosphorus per mole of cytosine; the faster moving component, 
deoxycytidine diphosphoethanolamine (Fig. 2), contained 0.8 
mole of deoxyribose per mole of cytosine while the other com- 
ponent, cytidine diphosphoethanolamine, contained no deoxy- 
ribose (Table I). The ratio, on a molar basis, was 48:52. The 
two compounds appeared to differ only in the nucleotide con- 
stituent, the one contained deoxycytidylic acid and the other 
cytidylic acid. The separation of ribose and deoxyribose 
nucleotide analogues by the solvent system used here is well 
known. 

Hydrolysis Products of Deoxycytidine Diphosphoethanolamine 
and Cytidine Diphosphoethanolamine—5 to 8 umoles of each of the 
cytidine diphosphonucleosides were hydrolyzed in 1 N HCl at 


1 Dr. R. J. Hilmoe, personal communication. 
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TABLE I 


Spectral and chemical properties of deozycytidine diphosphoethanol- 
amine and cytidine diphosphoethanolamine 











Deoxycyti- Cytidi Deoxycyti- 
Sincetnanet: |, diphospbo- | dine mone 
amine _ |thanolamine (2) 
a7 | mya mya mya 
Absorption maximum, pH 2... | 278-279 | 278-280 280 
Absorption maximum, pH 13...| 270 270 270-272 
Absorption minimum, pH 2..... | 241 242 240-242 
Absorption minimum, pH 13... 7 247 251-253 248 
| moles moles 
cy Sy ae eer aa / 1.00 1.00 | 
eoneeiene th... o.6 5. ohne. | 0.77 0 | 
PROMI. 5. occa i idiwscsccees 1.98 2.12 | 








100° for 15 minutes. HCl was removed in vacuo and the residue 
was taken up in 100 ml. of water. Chromatography yielded 
two peaks which absorbed in the ultraviolet region (Fig. 1). 
The first of these, which represented 30 per cent of the original 
material, was identified as unhydrolyzed starting material. 
The second peak, 70 per cent of the original material, contained 
deoxycytidylic or cytidylic acid. A third component, present 
in Fractions 10 to 15, gave tests for both organic phosphorus 
and amino nitrogen but did not show absorption in the ultra- 
violet region. Synthetic phosphoethanolamine emerged in 
Fractions 11 to 16 when chromatographed under the same condi- 
tions. Thus, acid hydrolysis of the cytidine diphosphoethanol- 
amines liberated deoxycytidylic acid (or cytidylic acid) and 
phosphoethanolamine. On the basis of phosphorus determina- 
tions on the latter and the ultraviolet absorbance of the former, 
the hydrolysis products were shown to be present in equimolar 
amounts. 

The spectra of the nucleotide monophosphates obtained after 
chromatography of acid hydrolysates were in excellent agree- 
ment with the spectra of cytidine at pH 2 and pH 13 (13). 
Enzymatic hydrolysis with lyophilized snake venom liberated 
stoichiometric amounts of phosphorus from both cytidylic acids. 
These results, together with the results of phosphorus and 
deoxyribose determinations, are reported in Table II. The 
data indicate that deoxycytidine 5’-phosphate and cytidine 
5’-phosphate were derived from the respective cytidine diphos- 
phate compounds. 

Identification of Phosphoethanolamine as Hydrolysis Product of 
Deoxycytidine Diphosphoethanolamine and Cytidine Diphos- 
phoethanolamine—Phosphoethanolamine, obtained from acid 
hydrolysates of both diphosphoethanolamines, was chromato- 
graphed on paper in two solvent systems. Synthetic phos- 
phoethanolamine was used as a reference standard. The 
compounds were located by spraying with ninhydrin. In the 
phenol-water system the isolated phosphoethanolamine had an 
Ry = 0.38 and the standard had an Re = 0.37. The Rr values 
of the isolated and the synthetic compounds were identical 
(Re = 0.19) in the butanol-acetic acid-water system. Only 
one ninhydrin-positive spot was obtained for each compound. 

Quantitative nitrogen and phosphorus determinations on 
the originally isolated phosphoethanolamine gave a ratio of 
N:P = 1.03. 

Enzymatic Hydrolysis of Phosphoethanolamine and Identi- 
fication of Ethanolamine as Hydrolysis Product—Isolated and 
synthetic phosphoethanolamine were hydrolyzed by acid 
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Fic. 1. Chromatogram of an acid hydrolysate of deoxycytidine 
diphosphoethanolamine (D-CDPE). The sample was adsorbed 
on a column of Dowex 1-X10-formate, 1 X 15 em. Under condi- 
tions of gradient elution, 0.2 Nn HCOOH was introduced into a 500 
ml. mixing flask containing water. 4 ml. fractions were collected. 
D-CMP is deoxycytidine monophosphate; P-E is phosphoethanol- 
amine. Absorbance at 260 my is indicated by the solid lines. 
Absorbance at 570 my of the ninhydrin reaction product is indi- 
cated by the dotted line. D-CDPE also reacts with ninhydrin 
but the determination was not run on the peak shown above. 


TaBLeE II 
Chemical properties of deorycytidine monophosphate and 
cytidine monophosphate 
The compounds analyzed were obtained from acid hydrolysates 
of deoxycytidine diphosphoethanolamine and cytidine diphos- 








phoethanolamine. The data are reported as moles per mole of 
cytosine. 
Deoxycytidine Cytidine 
monophosphate monophosphate 
Deoxyribose.............. 0.94 0 
Total phosphorus......... | 1.04 0.95 
5’-Phosphorus...........| 1.01 0.99 
u 








phosphatase. Inorganic phosphate analysis of the hydrolysates 
indicated 98 per cent hydrolysis of isolated phosphoethanol- 
amine and 100 per cent hydrolysis of the synthetic compound. 
Suitable aliquots of the remaining hydrolysate were chromato- 
graphed on paper in two solvent systems. In the butanol- 
acetic acid-water system, the Ry values of standard ethanol- 
amine and of the hydrolysis products of synthetic and isolated 
phosphoethanolamine were identical (Re = 0.23). In the 
phenol-water system, the Ry values of the hydrolysis products 
of both the synthetic and isolated compounds were again the 
same (Rr = 0.81), whereas the Ry of standard ethanolamine = 
0.92. The presence of enzyme and salts in the two hydrolyzed 
samples may explain this difference in the Ry values. 
Dinitropheny] ethanolamine was prepared from the enzymatic 
hydrolysates of the synthetic and isolated phosphoethanolamine. 
About 0.4 umole of each compound was used, and the optical 
density of the aqueous phase, containing dinitropheny] ethanol- 
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Fig. 2. The structure of deoxycytidine diphosphoethanolamine 


amine, was 0.33 for the synthetic material and 0.27 for the iso- 
lated material. Chromatography of these derivatives in the 
butanol-acetic acid-water system, with pure dinitrophenyl 
ethanolamine as a standard, gave spots with identical Rp values 
= 0.88. Compounds which might be mistaken for ethanolamine, 
such as the basic amino acids, would give derivatives with low 
Ry values in this system. A compound such as di-dinitrophenyl 
lysine would not be extracted into the aqueous phase during 
its preparation (6). 

Periodate oxidation of an aliquot of the enzymatic hydrolysate 
of the isolated phosphoethanolamine provided further evidence 
that the amino compound was indeed ethanolamine. Formalde- 
hyde determination on the reaction mixture gave a yield of 1.2 
umoles of formaldehyde per umole of phosphate. Under the 
same conditions synthetic phosphoethanolamine yielded 1.8 
umoles of formaldehyde per umole of phosphate. This suggests 
that the esterified phosphate and the amino group were attached 
to adjacent carbon atoms. Neither phosphate ester liberated 
formaldehyde if treatment with periodate occurred before 
dephosphorylation. 


DISCUSSION 


Limitations imposed by the small amounts of isolated material 
have precluded an unequivocal identification using more con- 
ventional methods such as carbon-hydrogen analyses and 
preparation of crystalline derivatives. Despite this difficulty 
the evidence strongly indicates that phosphoethanolamine or 
a closely related compound is a component of these cytidine 
nucleotides. Two compounds which might be confused with 
ethanolamine, in the procedure used here, are 2-amino-propanol 
and l-amino-isopropanol. Both of these are probably excluded 
because their Rr values differ from the Ry of ethanolamine in 
the butanol-acetic acid-water system (6). Any aliphatic amino 
alcohol in which the amino and hydroxyl groups were not on 
adjacent carbon atoms would not yield formaldehyde on periodate 
oxidation. Diamino alcohols are excluded on the basis of the 
N:P ratio of the phosphate ester. The phosphate ester of 
2-amino-1 ,3-propandiol would presumably yield formaldehyde 
on periodate oxidation before dephosphorylation. We have 
assumed that amino alcohols, or their phosphate esters, with 
more than 3 carbon atoms would have Rr values different from 
ethanolamine or phosphoethanolamine in one of the solvent 
systems. 

In addition to deoxycytidine diphosphoethanolamine, an 
unidentified cytidine compound containing 2 molecules of phos- 
phate and 1 molecule of deoxyribose is also present in the acid- 
soluble extract of calf thymus. Its position ahead of cytidylic 
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acids on the initial formic acid chromatogram suggests that 
it also may contain a basic group attached to the second phos- 
phate. Whether or not it is deoxycytidine diphosphocholine 
(14) is not known. Deoxyribose analogues of the cytidine 
diphosphoglycerol (15) and cytidine diphosphoribitol (16), 
found in extracts of Lactobacillus arabinosus, are excluded be- 
cause they would appear after cytidylic acids on the formic acid 
chromatogram. 

It should be pointed out that the amount of deoxycytidine 
diphosphoethanolamine in calf thymus was quite variable from 
one batch to another, despite the fact that pooled fractions from 
two or more calves were used. We were unable to relate this 
difference to the age or condition of the calves, season of the 
year, or the method of isolation. The highest yield we have 
obtained was approximately 1.5 wmoles per 100 gm. of calf 
thymus. 

The occurrence of compounds of the deoxycytidine diphos- 
phoethanolamine type seems to be quite widespread in biological 
materials. In addition to the compound reported here, Sugino 
(14) has reported the presence of deoxycytidine diphospho- 
choline in sea urchin eggs. Dr. W. C. Schneider? has indicated 
the presence of compounds of this type in extracts of rat hep- 
atoma. 

This novel compound, deoxycytidine diphosphoethanolamine, 
is a biochemical curiosity at the moment, for its metabolic role 
is obscure. The other known pyrimidine deoxyribonucleotides 
isolated from acid-soluble tissue extracts (2) may be presumed 
to be related to deoxyribonucleic acid metabolism. One ex- 
planation for the occurrence of deoxycytidine diphosphoethanol- 
amine would be a failure of the phosphoethanolamine cytidyl 
transferase enzyme to distinguish between deoxycytidine and 
cytidine triphosphates in the synthesis of the corresponding 
cytidine diphosphoethanolamines. We have previously indi- 
cated that the ratio of these triphosphates in calf thymus is 
roughly 40:60 (2), about the same as the ratio of the two di- 
phosphoethanolamines reported here. A metabolic role for 
the deoxyribonucleotide in cephalin synthesis would evidently 
depend upon the specificity of the phosphoethanolamine glyc- 
eride transferase enzyme. 


SUMMARY 
Two cytidine derivatives have been isolated from the acid- 
soluble extract of calf thymus and have been identified as 
deoxycytidine diphosphoethanolamine and its ribose analogue, 
cytidine diphosphoethanolamine. 
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Few studies on purified bacterial reduced diphosphopyridine 
nucleotide (DPNH) or cytochrome oxidases have been reported, 
although cytochrome reduction by DPNH! in crude bacterial 
extracts has repeatedly been described (1-6). Dolin (7, 8) 
purified a flavoprotein DPNH oxidase and peroxidase from 
Streptococcus faecalis, and Lenhoff and Kaplan (9) and Lenhoff 
et al. (10) described the characteristics of a purified cytochrome 
peroxidase from Pseudomonas fluorescens. A flavin mono- 
nucleotide terminal DPNH oxidase from Escherichia coli was 
used by Totter and Cormier (11) in luciferase studies; Bruem- 
mer et al. (12) have reported the separation from azotobacter 
of an electron-transporting particle which possesses a cytochrome- 
linked DPNH oxidase and succinic oxidase; and Tissiéres et al. 
(13) have examined the oxidase activities of a small particle 
fraction of Azotobacter vinelandit. 

Smith (14) compared the cytochrome oxidase activity of 
preparations from bacterial and animal sources and found that 
bacterial preparations oxidized reduced mammalian cytochrome 
e very slowly. Similarly, when azotobacter cytochrome c and 
mammalian cytochrome c were tested with their respective 
oxidases, only the homologous systems oxidized reduced cyto- 
chrome c rapidly (3, 4). 

Cytochrome a», studied by Tissiéres (15), Moss (16, 17), 
Chance (1) and Chance et al. (18), forms cyanide and carbon 
monoxide compounds and is believed to function as the terminal 
oxidase in such organisms as EF. coli, Aerobacter aerogenes, and 
A. vinelandii, which have no cytochrome a or a3. 

The present paper describes the separation of a highly active 
particulate cytochrome-linked DPNH oxidase from A. vinelandii. 
Cytochromes associated with the DPNH oxidase-containing 
particle have reduced peaks at 628 to 630 mu, 590 to 600 mu, 
560 my, 552 my, 525 to 530 mu, and 428 muy, indicating that 
cytochromes de, a, b;, and c; + ¢s are present. Examination 
of the characteristics of the oxidase suggested that DPNH may 
be oxidized by two pathways differing in one or more reactions. 


EXPERIMENTAL 


Isolation—A. vinelandii strain O was grown in 6 to 8 liter 
cultures (19) for 48 to 72 hours and the cell paste was stored 


* This work was supported in part by Contract No. AT(11-1)- 
251 with the Atomic Energy Commission. 

t Present address: Department of Infectious Diseases, The 
Upjohn Company, Kalamazoo, Michigan. 

1 Abbreviations used: DPNH, reduced diphosphopyridine nu- 
cleotide; FAD, flavin adenine dinucleotide; PCMB, para-chloro- 
mercuribenzoate; and BAL, British anti-Lewisite. 
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at —20° until needed. Although whole cells are unable to 
oxidize DPNH, highly active crude extracts can be prepared 
by various methods of cell disruption. Sonic disruption or 
grinding with alumina effectively released active particles from 
the cell, but enzyme recovery was greater with sonic disruption 
and this was the method of choice. The specific activity of 
extracts varied with the age of the cells; crude extracts from 48 
to 72 hour cultures had 2 to 3 times the specific activity of ex- 
tracts obtained from younger cultures. 

In a typical purification, 40 gm. of cells (wet weight) were 
suspended in 80 ml. of water and 25 ml. aliquots of this sus- 
pension were treated for 25 to 30 minutes in the Raytheon 9 ke 
sonic oscillator. Whole cells and large debris were then removed 
by centrifugation at 4000 x g for 10 minutes. Smaller par- 
ticles, including those with DPNH oxidase activity, were sedi- 
mented in 45 minutes at 145,000 x g in the Spinco model L 
centrifuge, and this residue was resuspended and homogenized 
(Teflon hand homogenizer) in 4 volumes of 0.9 mM KCl and 5 
volumes of 8.5 per cent sucrose to which dibasic potassium 
phosphate was added to a final concentration of 0.05 m. Differ- 
ential separation of the DPNH oxidase particles from the hetero- 
geneous small particle suspension was achieved by successive 
centrifugation (No. 40 rotor of the Spinco model L centrifuge) 
at 36,000 x g for 10 minutes and at 81,000 x g for 8 minutes, 
13 minutes, 20 minutes, and 30 minutes. Each residue ob- 
tained was homogenized in 0.1 m phosphate buffer, pH 7, to 
give a final protein concentration of 5 to 10 mg. per ml. Activ- 
ities of the differentially separated particles are shown in Table 
I. Particles with the highest specific activity were recovered 
most frequently in the 20 minute residue, but occasionally an 
additional centrifugation for 30 minutes was necessary. Specific 
activities usually varied between 40 and 55. 

Assay—The basic DPNH oxidase assay system contained 30 
umoles of phosphate at pH 7.8, enzyme diluted as necessary 
in 0.1 m phosphate at pH 7, 0.07 ml. of 0.1 per cent DPNH, 
and water to a volume of 1 ml. Further additions are noted 
in the text. DPNH was added last to initiate the reaction and 
readings were made at 15 to 30 second intervals for 3 minutes. 
A unit of DPNH oxidase is defined as the amount of enzyme 
required to give an optical density change at 340 my of 1.000 
per minute per ml. of reaction mixture at room temperature. 
Optical density changes were directly proportional to time when 
excess DPNH was present. When the change in optical density 
did not exceed 0.050 to 0.060 per minute, the response was 
linear until the optical density reached about 0.300. Specific 
activity is calculated as units per mg. of protein. 
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TaBLeE I 


Purification of particulate azotobacter DPNH 
oxidase by differential centrifugation 











Fraction | Sat | Bek | eee | 
| | | 

“ | mg. | 
Crude extract............... | 25,000 | 4,750 5.2 
St, 10 min., 4,000 X g.......| 14,300 | 1,460 9.8 1.9 
S$, 45 min., 145,000 X g...... 0} 800 
Rt, 45 min., 145,000 X g..... | 13,800 | 572 | 24 4.6 
S, 10 min., 36,000 X g....... (11,900) 375 | 31.6 6.1 
S, 8 min., 81,000 X g........ | 9,750 | 307 | 32.5 6.3 
S, 13 min., 81,000 X g....... | 7,800 223 | 37 7.1 
S, 20 min., 81,000 X g....... | 3,200 | 156 | 20.5 
R, 20 min., 81,000 X g.......| 3,980 | 72 | 55.4 10.6 








* Refer to ‘‘Experimental”’ forthe definition of units and spe- 
cific activity. 

7S indicates the supernatant fraction. 

t R indicates the residue. 


Determinations of protein were made by the biuret method of 
Gornall et al. (20) and modified to include 0.2 per cent deoxy- 
cholate (final concentration) in order to disperse the particles. 

Difference spectra (1) were obtained with a Beckman model 
DK-1 spectrophotometer. The base-line, as regards the refer- 
ence cuvette containing the enzyme, was arbitrarily established 
at an optical density of 0.300 at 700 my. Optical density 
changes indicated as plus 0.100 or minus 0.100 on the figures 
refer to optical density notations of 0.400 and 0.200 on the 
recording chart. 

Materials—Versene, Versene Fe-3, Versene Fe-3 Specific, and 
Versenol were generously supplied by the Dow Chemical Com- 
pany. Dr. R. H. Burris kindly furnished purified azotobacter 
cytochrome ¢ which is a mixture of cytochromes c,and ¢;. Mam- 
malian cytochrome c, DPNH (90 per cent purity), FAD (FAD 
“30’’) and flavin mononucleotide were obtained from the Sigma 
Chemical Company. BAL was purchased from K and K Labor- 
atories. 


RESULTS 


Purification—The particulate nature of the DPNH oxidase 
of A. vinelandii was confirmed by using several methods of 
cell disruption, including alumina grinding (21), disruption in 
the Raytheon 9 or 10 ke sonic oscillator, and lysis of the cells 
with lysozyme (22). The apparent size of the particle (13) and 
its amenability to further purification varied with the method 
used. Cell-free preparations made by grinding cells with alu- 
mina or by sonic rupture in the Raytheon 9 ke sonic oscillator 
yielded particles that were easily removed from suspension in 
30 to 40 minutes at 145,000 x g. Although sonic disruption at 
10 ke. gave a crude preparation as active as the preparation at 
9 ke., particle size was altered to the extent that only 50 per 
cent of the oxidase activity was found in the pellet after centrifu- 
gation, and further differential separation of particles was 
difficult. 

Spectra—A difference spectrum (reduced minus oxidized) of a 
purified preparation of azotobacter DPNH oxidase is shown in 
Fig. 1. The DPNH-reduced enzyme has absorption maxima 
at 628, 560, 552, 520 to 530, and 428 mu, corresponding to the 
a peaks (2) of cytochrome a2, cytochrome b,, cytochrome cy + 
cs (6), the 6 peaks and Soret peaks. In addition there is a 
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Fic. 1. Difference spectrum of purified azotobacter DPNH 
oxidase. The experimental cuvette, containing 30 wmoles of 
PO, at pH 7.8, 0.1 ml. of enzyme (3 mg. of protein per ml.), 0.3 
ml. of 0.2 per cent DPNH, and water to a volume of 1 ml., was 
read against the reference cuvette (DPNH omitted) enzyme 
PR6 (specific activity, 34). 


broad plateau at 590 to 600 my corresponding to the @ absorp- 
tion of cytochrome a;. The depression at 652 my is caused by 
oxidized cytochrome a2 which has a peak at approximately 
645 mu. 

The cytochrome content of the crude bacterial extract from 
which unbroken cells and large debris have been removed differs 
quantitatively from that of the most active particle fraction; 
the former preparation (Fig. 2A) absorbs weakly at 628 to 630 
and 590 to 600 my, whereas the peak at 552 to 553 my is prom- 
inent and the 560 mu cytochrome 6; band appears as a shoulder 
toward the longer wave length. The difference spectrum of the 
soluble protein from which DPNH oxidase particles have been 
removed (supernatant solution after centrifugation at 145,000 
X g) shown in Fig. 2B shows primarily the cytochrome band 
at 552 mu, but cytochromes 6; and az are also detectable. Si- 
multaneously, with the isolation of DPNH oxidase particles 
from the crude extract, the peaks at 628, 560, and 552 my were 
intensified, and the relative prominence of the bands at 560 
and 552 my was reversed (compare Fig. 2A and Fig. 1). Little 
change was observed in the region of 590 to 600 my. Difference 
spectra with hydrosulfite as the reducing agent or with DPNH 
were similar, except that hydrosulfite increased the intensity of 
all bands. 

During the early phases of this investigation the basic re- 


























| 
° N 
4 ite) 
Oo 
+ 100 F 8 | & 
fe) = i A 
ie) 
- 100 + z 
a 
’ 8 
+100 |- 
wo 
| 
fe) B 
- 100 + 
| ! l | m= 
400 500 600 700 


WAVELENGTH ma 

Fic. 2. Difference spectra of fractions during DPNH oxidase 
purification. Curve A is the difference spectrum (DPNH reduced 
minus oxidized) of the crude bacterial extract after whole cells 
have been removed. 4 mg. of protein were used per cuvette (en- 
zyme PS1). Curve B is the difference spectrum (DPNH reduced 
minus oxidized) of the soluble protein after centrifugation at 145,000 
X g for 45 minutes. Each cuvette contained 0.2 ml. of enzyme 
PS2 (22 mg. of protein per ml.) (refer to Fig. 1). 


action mixture was used to assay DPNH oxidase activity’ 
Preparations were variable and usually lost about 50 per cent 
of their activity after 24 hours at 0° or —10°. Activity was 
restored by adding one of a variety of metal-binding agents or 
reducing agents, including Versene, Versene Fe-3, Versene Fe-3 
Specific, Versenol, 8-hydroxyquinoline, o-phenanthroline, tris- 
(hydroxymethyl)aminomethane, pyrophosphate, histidine, gly- 
cylglycine, citrate, albumin, BAL, and glutathione (Tables II 
and III). Subsequent studies indicated two different patterns 
of inhibitor effects which could be correlated with the reacti- 
vating agent used: the freshly prepared oxidase and the oxidase 
reactivated by reducing agents (BAL or glutathione) responded 
similarly, whereas the oxidase reactivated by the chelating agents 
exhibited different inhibitor sensitivities. 

Chelating Agent Reactivation—Metal chelating agents, shown 
to stimulate oxidation by bacterial and animal oxidases (23, 
24), completely restored the original activity of preparations of 
aged azotobacter DPNH oxidase (Table II). This stimulation 
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TaBLeE II 


Stimulation of DPNH oxidase by tris(hydroxymethyl)- 
aminomethane and various chelating agents 














A Optical 
Stimulating agent* Final concentration| density at 340 
my per 3 min. 
PO, buffer (0.03 M)................ 0.017 
Tris(hydroxymethyl)aminomethane 
ee eee ee ee 0.062 
PO, plus tris(hydroxymethyl) ami- 
nomethane buffer................ 0.214 
PO, plus Versene Fe-3 Specific. .... 0.05% 0.229 
PO, plus Versene Fe-3............. 0.03% 0.176 
PO, plus 8-hydroxyquinoline....... 5 X* 10*m 0.180 
PO, plus o-phenanthroline......... 5 %* 10‘ 0.177 
PO, plus histidine................. 1 xX 10*m 0.183 
PO, plus pyrophosphate........... 1.5 X 10% Mm 0.200 





* The basic reaction mixture is as described in ‘‘Experimental.”’ 
Preparation 2BR7, 1.8 ug. of enzyme protein (specific activity, 
30), used. 


was masked if the enzyme was active without the addition of 
the chelating agent. Phosphate at a high concentration (10~* 
M) was still required, as shown in Table II. 

Other studies indicated that the chelating agent alone does 
not activate the enzyme system. Although 0.03 per cent of 
Versene in the reaction mixture led to maximum stimulation 
of DPNH oxidation, the enzyme diluted in phosphate buffer 
that contained this concentration of Versene was not active 
when assayed in the basic reaction mixture. When the oxidase 
was preincubated with as much as 5 to 7 times this concentra- 
tion of chelating agent, stimulation was partial and proportional 
only to the amount of chelating agent carried over to the re- 
action mixture with the enzyme. The presence of DPNH is 
required in some way for activation by the chelating agent. 

DPNH oxidase activity measured in the presence of chelating 
agents decreases about 30 per cent in 6 weeks. Stability is 
somewhat better at pH 6, although it is about the same between 
6 and 7.5. The pH activity curve (Fig. 3, Curve B) shows an 
optimum at pH 738. 

Oxidase Activated with Reducing Agent—The original activity 
of the extract could be restored by 10-‘ m BAL or glutathione 
added either directly to the reaction mixture or to the enzyme- 
diluting medium (Table III). The response to reducing agents 
decreased 20 to 40 per cent in 2 weeks compared to 6 weeks for 
a similar loss when chelating agents were used. Character- 
istics of pH stability and pH activity (Fig. 3, Curve A) for both 
types of oxidase activity are similar. Stimulation by reducing 
agents and by chelating agents is not additive; therefore, it 
would seem that a rate-limiting enzymatic reaction is shared 
by both pathways. 

Inhibitors—The distinction between the two pathways of 
the oxidation of DPNH, based upon the effect of inhibitors, is 
shown in Table III. The primary differences are illustrated 
by the response to arsenate, sulfhydryl inhibitors, and FAD 
reversal of inhibition by quinacrine. Arsenate inhibited both 
the original extract, requiring no activator, and the BAL-re- 
activated oxidase. In contrast, when the enzyme was assayed 
with pyrophosphate or chelating agents, arsenate did not in- 
hibit, and, in fact, would substitute for phosphate. Arsenite 
and PCMB were effective inhibitors of the BAL-reactivated 
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oxidase, but if the chelating agent were present, high concentra- 











tions of arsenite did not inhibit, whereas 10-fold greater con- 
centrations of PCMB did cause significant inhibition. 

Both of the DPNH oxidase activities were equally sensitive 
to potassium cyanide; 2 x 10‘ m and 1 x 10°* m cyanide in- 
hibited 48 and 85 per cent, respectively. Tissiéres (13) also 
reported that high concentrations of cyanide were required to 
inhibit small particle azotobacter oxidases. Azide and 2,4- 
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pH 
Fig. 3. pH and activity of DPNH oxidase. Curve A: DPNH 
oxidase was assayed in 0.03 m phosphate buffer, pH 7.8. Enzyme 
RR7 (specific activity, 51) was used. Curve B: DPNH oxidase 
was assayed in 0.03 m phosphate, pH 7.8, plus 0.03 m tris(hydroxy- 
methyl)aminomethane buffer, pH 7.8. Enzyme ZS6 (specific 
activity, 30) was used. 


' TaB.e III 


Effect of inhibitors on DPNH oxidase reactivated 
with BAL and with pyrophosphate* 























A Optical density at 340 my per 3 min. 
Inhibitor tae Cums | 
. Control | Inhib- | Inhib- 
Control | "BAL | ition | PST. | ition 
ci —— | | —— 
NR ocak sc cilesnnw te 0.011 | 0.154 0.193 | 
1X 10-? m Arsenate... 0.006 | 96 | 0.180 | 7 
2.5 X 10-* m Arsenite... .| (0.031 | 80 | 0.171 | 1 
2.5 X 10° mw PCMB...... 0.010 | 94 | 0.164 | 15 
5 X 10-* m Quinacrine. . .| 0.081 47 | 0.091 | 53 
ae a ee en re | 0.128 0.237t | 
5 X 10-* m Quinacrine. . | (0.012 | 91 | 0.111 | 53 
+1 xX 10° FAD....| (0.030 | 77 | 0.120 | 49 
+3 10° m FAD.... 0.102 | 20 | 0.117 | 51 
| 





* The control system is as given in ‘‘Experimental’’; 5 X 1075 
mM BAL or 3 X 10-2 m pyrophosphate added to the reaction mix- 
ture. Enzyme PR6, 1.9 ug. of enzyme protein used (specific 
activity, 34). 

t Preparation NR5, 2.4 ug. of enzyme protein used (specific 
activity, 39). 
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Fic. 4. Difference spectra of cyanide-inhibited DPNH oxidase 
Curve A is a spectrum of a DPNH-reduced enzyme plus cyanide 
minus oxidized enzyme plus cyanide. The experimental cuvette 
contained 40 umoles of PO, at pH 7.8, 20 umoles of KCN, 0.2 ml. 
of enzyme (RE2-R7, specific activity, 49), excess DPNH (solid), 
and watertoa volume of 1ml. DPNH was omitted from the refer- 
ence cuvette. Curve B is a difference spectrum of DPNH- 
reduced enzyme plus cyanide minus DPNH-reduced enzyme. 
Reagents were the same as for Curve A. 


dinitrophenol had no effect. Inhibition of cytochrome reduction 
caused by cyanide is shown in Fig. 4, Curve B. The plateau 
between 500 and 600 my indicates that cyanide did not affect 
the reduction of cytochromes 6 and c; however, cytochrome a, 
which was not reduced in the presence of cyanide, no longer 
absorbed at 628 my, and when compared with reduced cyto- 
chrome az in the reference cell it appeared as a trough at 628 
mu. Curve A in Fig. 4 illustrates the same results by another 
difference spectrum. The absence of the 628 my band for re- 
duced cytochrome az indicates that cyanide inhibits cytochrome 
az reduction. From these data it is concluded that inhibition 
of DPNH oxidation by cyanide involves reduction of cytochrome 
de. 

Slight antimycin A sensitivity was observed at relatively 
high concentrations (10 ug./ml.), confirming the observations 
of Bruemmer et al. (12) with azotobacter and Eichel (25) with 
Tetrahymena. Neither Dicumarol nor menadione had any 
effect. a-Tocopherol had no effect (26) before or after iso- 
octane extraction. 
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Other Acceptors—Attempts to replace oxygen with inter- 
mediate acceptors were not successful. Reduced mammalian 
cytochrome c and azotobacter cytochrome c (cy; + ¢s) were 
slowly oxidized by azotobacter DPNH oxidase; preincubation 
of enzyme with cytochrome c had no effect in this or in the assay 
of DPNH oxidase. Anaerobically (Thunberg type cuvette) 
or aerobically with cyanide, DPNH oxidation was slow with 
mammalian cytochrome c as acceptor, whereas particle-bound 
cytochrome c was rapidly reduced and oxidized. DPNH oxi- 
dation using 2,6-dichlorophenol indophenol as acceptor oc- 
curred at one-tenth the rate as with oxygen as acceptor. Ana- 
erobic conditions were required for estimation of indophenol 
reduction because the oxidase possessed indophenol oxidase 
activity. Anaerobic flavin mononucleotide reduction by DPNH 
was not catalyzed by the oxidase. Green et al. (27) and Wainio 
(28) have used deoxycholate to alter particulate oxidase systems 
either to remove cytochrome ¢ or to make added cytochrome c 
more accessible to the oxidase. Deoxycholate and butanol 
(29) were used to condition the particle to possible action by 
cytochrome c and 2,6-dichlorophenol indophenol, but no in- 
crease in rate was observed. 

DPNH oxidation did not occur in a nitrogen atmosphere; 
when the Thunberg type cuvette was opened and shaken, im- 
mediate DPNH oxidation was observed. Tests for DPNH 
peroxidase (8) and cytochrome c peroxidase (9) were negative. 
With 10 times the quantity of purified enzyme that was required 
for measurements of DPNH oxidase, succinic oxidase and suc- 
cinic dehydrogenase activity (20) were not detected; however, 
Bruemmer et al. (12) reported succinic oxidase activity in etha- 
nol-fractionated azotobacter DPNH oxidase, and Tissiéres et al. 
(13) reported rapid succinate oxidation by their small particle 
preparation. 


DISCUSSION 


The DPNH oxidase of A. vinelandii has been partially purified 
as a particulate enzyme complex essentially free from DPNH 
peroxidase, cytochrome c¢ peroxidase, succinic oxidase, and 
succinic dehydrogenase (20). Purification is accompanied by 
an intensification of various cytochrome components having 
absorption maxima at approximately 628, 560, and 552 mu, 
corresponding to a peaks of cytochromes ds, bi, and cy + ¢s, 
respectively. Whether some of these cytochromes are present 
incidentally, or whether all of them are involved in electron 
transport from DPNH to oxygen, cannot be established at this 
time; however, intensification of the peaks of cytochromes b; 
and a, and a relative decrease in the peak of cytochrome cy + ¢5 
were observed with purification. All cytochromes associated 
with the particle undergo rapid oxidation and reduction, and 
bound cytochrome cy + cs is enzymatically more reactive than 
the added cytochrome c; + ¢; isolated from this organism. 

Cyanide inhibition of DPNH oxidation and of the reduction 
of cytochrome az is of particular interest (Fig. 44 and B); cyto- 
chrome a2, the only cytochrome affected, remains oxidized under 
these conditions. Chance (1) has shown with difference spectra 
that cytochrome az combines with cyanide and carbon monoxide, 
and Bruemmer et al. (12) report CO inhibition in their electron 
transporting particle. Since cyanide and carbon monoxide 
combine with cytochrome az and both reagents cause DPNH 
oxidase inhibition, it is concluded that cytochrome az is the site 
of DPNH oxidase inhibition. This is in accordance with the 
suggestions by Chance (1) and Tissiéres (15) that the cyto- 
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chrome az of bacteria is analogous to cytochrome az; in other 
systems. It is difficult to reconcile this with the observations 
by Moss (16, 17) and Tissiéres (15) who have altered the con- 
ditions of E. coli and A. aerogenes culture so as to decrease the 
content of cytochrome az without impairing respiratory activity. 

The simultaneous occurrence of cytochromes az and a, is 
frequently observed. Although a weak 590 to 600 my band 
was present in all stages of enzyme purification, the content of 
cytochrome a; did not increase with purification of the oxidase, 
suggesting a casual relationship of this cytochrome to DPNH 
oxidase. 

Reactivation of enzymes by metal-binding agents and re- 
ducing agents has been observed previously. Altman and Crook 
(24) state that the high phosphate requirement for maximum 
succinic oxidase activity may reflect the need to chelate in- 
hibitory metals in this system. A similar stimulatory effect 
by chelating agents was demonstrated with azotobacter DPNH 
oxidase, although the high concentration of phosphate was still 
necessary. 

The differences in inhibitor effects between DPNH oxidation 
stimulated by metal-binding agents and by reducing agents 
indicate that two pathways exist for DPNH oxidation. Oxidase 
activity restored by reducing agents is inhibited by arsenate, 
PCMB, arsenite, and quinacrine; quinacrine inhibition is re- 
versed by FAD. Sensitivity to PCMB could be explained 
merely as the removal of added reducing agent, but arsenite 
inhibition with the normal, BAL-, or glutathione-reactivated 
oxidase implicates disulfide as a functional group in the oxidase 
system. Although chelating agents reactivate the oxidase to 
about the same extent as BAL or glutathione, arsenate inhibition 
cannot be demonstrated and arsenate can replace phosphate. 
FAD does not reverse quinacrine inhibition and the oxidase is 
not arsenite-sensitive. Further, inhibition by PCMB requires 
10-fold more PCMB than is required in the other system. 

If in fact there are two pathways for the oxidation of DPNH, 
they probably share the terminal oxidase, for both are equally 
inhibited by cyanide. This or another common rate-limiting 
reaction is postulated because the effects of BAL and the che- 
lating agent are not additive. Quinacrine inhibits both oxidase 
systems but only in one can FAD reverse inhibition (Table IID, 
and flavin mononucleotide is ineffective. 

Antimycin A results are not satisfactory because, with the 
large quantities required for inhibition, ethanol inhibition be- 
comes appreciable. The absence of BAL inhibition and the 
slight antimycin A inhibition indicate that Slater’s factor is 
by-passed or inoperative under either assay condition for DPNH 
oxidase. 


SUMMARY 


A particulate reduced diphosphopyridine nucleotide (DPNH) 
oxidase from Azotobacter vinelandii has been purified 8- to 10- 
fold; active preparations are capable of oxidizing 8 umoles of 
DPNH per minute per mg. of protein. Cytochromes a2, a, 
and c, + ¢5, identified by their absorption maxima, are associated 
with the DPNH oxidase particle and are immediately reduced 
by DPNH and hydrosulfite. Cyanide at 10 m inhibits DPNH 
oxidase activity. Difference spectra indicate that cyanide com- 
bines with cytochrome a». 

Purified DPNH oxidase from A. vinelandii rapidly loses 
activity but can be reactivated by various metal-chelating 
agents and reducing agents. Freshly made preparations of 
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Preparations reactivated by chelat- 
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ing agents are not inhibited by arsenite or arsenate, and FAD 
does not reverse quinacrine inhibition. 
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Nucleotides Involved in the Enzymatic Conjugation 
of Phenols with Sulfate’ 


Eric G. BRUNNGRABERT 


From the Department of Physiological Chemistry, University of Wisconsin Medical School, Madison, Wisconsin 


(Received for publication, November 27, 1957) 


The demonstration by Bernstein and McGilvery (1) and 
DeMeio (2) that phenols are conjugated in fortified homogenates 
of liver led to the further discovery (1) that the enzymatic 
system is localized in the high speed supernatant fraction free 
of mitochondria and microsomes and that the reaction is ATP'- 
dependent. Furthermore, Bernstein and McGilvery (3) dem- 
onstrated that the phenol is conjugated via an “active sulfate” 
intermediate. This was subsequently confirmed by Segal (4) 
and DeMeio et al. (5). The work of Wilson and Bandurski (6), 
Wilson et al. (7), and Robbins and Lipmann (8) established the 
over-all reaction sequence as 


Mg*+ 
ATP + SO," <—->; APS + PP (1) 
APS + ATP — PAPS + ADP (2) 


: phenol sulfokinase 
PAPS + m-aminophenol > 





(3) 
PAP + m-aminopheny] sulfate 





2 ATP + SO, + m-aminophenol — 
PAP + ADP + PP + m-aminopheny] sulfate 


Robbins and Lipmann (9) isolated and characterized the active 
sulfate intermediate as PAPS. The sequence of reactions is 
unusual in that PAPS is not a coenzyme, for the reaction scheme 
does not provide for a recycling of PAP. The purpose of the 
investigation described in this paper is to define the role of 
PAP in sulfate metabolism. It was found that PAP will serve 
as a coenzyme in the transfer reaction 


: : phenol sulfokinase 
p-nitropheny! sulfate + m-aminophenol > 





p-nitrophenol + m-aminopheny] sulfate 


* This investigation was supported by Grant No. RG-2594 from 
the National Institutes of Health, United States Public Health 
Service. The experimental data in this paper are taken from the 
thesis submitted by Eric G. Brunngraber to the Graduate School 
of the University of Wisconsin, August 1957, in partial fulfillment 
of the requirements for the degree of Doctor of Philosophy. 

7 Present address, Department of Psychiatry, Neuropsychiatric 
Institute, College of Medicine, University of Illinois, Chicago, 
Illinois. 

1The abbreviations used are: PAP, adenosine-3’,5’-diphos- 
phate; PAPS, adenosine-3’-phospho,5’-phosphosulfate; APS, 
adenosine-5’-phosphosulfate; ATP, adenosine triphosphate; ADP, 
adenosine diphosphate; A5P, 5’-adenylic acid; A3P, 3’-adenylic 
acid; PP, pyrophosphate; EDTA, ethylenedinitrilotetraacetic 
acid; CoA, coenzyme A. 


A sensitive method for PAP assay is based on this exchange 
reaction. Its use permitted the demonstration that PAP will 
accumulate in the reaction medium along with the formation 
of m-aminopheny] sulfate if fluoride is present to inhibit a spe- 
cific nucleotidase which attacks the 3’-phosphate of PAP. This 
nucleotidase differs from the rye grass 3’-nucleotidase of Wang 
et al. (10) since it will not attack 3’-adenylic acid. 


MATERIALS AND METHODS 


Chemicals—PAP and adenosine-2’ ,5’-diphosphate were pre- 
pared from CoA and triphosphopyridine nucleotide by hydrolysis 
with a dinucleotide pyrophosphatase described by Wang et al. 
(10). ATP, ADP, A5P, and p-nitrophenyl sulfate were all 
products of the Sigma Company. A3P was obtained from 
Schwartz Laboratories. m-Aminophenol was a commercial 
preparation recrystallized twice from water and decolorized 
with Norit. The ATP used was a neutralized solution of the 
soluble sodium salt. 

Rabbit Liver Supernatant Fraction—A rabbit was killed by a 
blow on the head, decapitated, and bled. Liver was excised, 
weighed, and homogenized for 3 minutes in a Waring Blendor 
in a volume of isotonic potassium chloride 4 times the weight 
of the liver. The homogenate was filtered through glass wool 
and centrifuged in the Spinco model L ultracentrifuge for 1 
hour at 44,000 x g. The high speed supernatant fluid thus 
obtained can be frozen and stored for future use. 

Preparation of PAPS—The following procedure gave a final 
yield of 0.35 to 0.50 umole of PAPS per ml. of the incubation 
medium described. Since the final step involving adsorption 
and elution from Norit results in some decomposition of PAPS 
to PAP and sulfate, the purity of the final product is of the 
order of 85 to 90 per cent. The yields and purity are better 
than in a previously described procedure (9). 

The livers of fasted male rats were excised and homogenized 
by means of a Potter-Elvehjem homogenizer in a volume of 
isotonic potassium chloride 4 times their weight. The homog- 
enate was centrifuged in the International centrifuge for 90 
minutes at 20,000 x g, and the high speed supernatant fluid 
obtained was raised to 1.5 mM ammonium sulfate by addition of 
3.75 M ammonium sulfate (pH 7 at 0.2 m). After removal of 
the precipitated proteins by centrifugation, the supernatant 
fluid was raised to 2.1 M ammonium sulfate. The precipitated 
protein, containing the sulfate-activating and -transferring en- 
zymes, was collected by centrifugation and dissolved in water 
to give a protein concentration of 15 to 20 mg. of protein per 
ml. Protein concentration was determined by means of the 
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biuret reaction (11) and refers to crystalline bovine serum al- 
bumin as a standard. 

The enzyme was added to an incubation medium so that the 
final concentrations were 0.013 m ATP, 0.004 m magnesium chlo- 
ride, 0.02 m imidazole hydrochloride buffer, pH 7, and 4 to 6 
mg. of protein per ml. The mixture was incubated for 2 hours 
at 38° and cooled to 3° in an ice bath. 1 ml. of 2 m perchloric 
acid per 6 ml. of incubation medium was then added, and the 
precipitated proteins were quickly removed by centrifugation. 
After increase in the pH of the supernatant fluid from the last 
step to 2 with the use of 2 m sodium hydroxide, 1 ml. of 20 per 
cent mercuric acetate in 0.1 m acetic acid per 11 ml. of original 
incubation medium was added to insure complete precipitation 
of the nucleotides. The copious white precipitate obtained 
was collected by centrifugation, washed three times with water 
to remove sulfate, and ‘taken up in a volume of water 0.5 that 
of the original incubation medium. Hydrogen sulfide was 
introduced to decompose the precipitate, and the mercuric 
sulfide which formed was removed by centrifugation. The 
final clear nucleotide solution thus obtained was neutralized 
with 1 m sodium hydroxide. This solution was generally 1.2 
to 1.4 X 10°? m in PAPS, which represented 7 per cent of the 
total nucleotide in the solution. 77 to 80 per cent of the PAPS 
in the incubation medium (which is capable of accumulating 
0.75 to 1 umole PAPS per ml.) was recovered. The nucleotide 
solution is useful for routine use to assay phenol sulfokinase, 
provided that EDTA is present to block the activating enzymes. 

The nucleotide solution was adsorbed on a Dowex 1-X10 
chloride column, 200 to 400 mesh, which had previously been 
washed with 1 m HCl until the absorbancy at 260 my of the 
effluent was less than 0.005, and then the column was washed 
with water until neutral. A 2.5 x 15 cm. column will satis- 
factorily handle 1 mmole of adenine nucleotide as calculated 
from the absorbancy at 260 my. After adsorption of the nucle- 
otides the column was washed with distilled water and elution 
begun with 0.5 m sodium chloride at a rate of 3 ml. per minute. 
The elution was continued until the absorbancy of the eluate 
was less than 0.01. PAPS was then completely eluted with 1 m 
sodium chloride. The concentration of material absorbing at 
260 my equals the concentration of sulfate-transferring activity 
as measured by the formation of m-aminopheny! sulfate. All 
of the PAPS placed on the column was recovered. The nucle- 
otide was adsorbed on acid-washed Norit and eluted with a 40 
per cent solution of alcohol containing 1 ml. of 1 M ammonium 
hydroxide per 100 ml. The alcohol was removed by evapora- 
tion under reduced pressure. An over-all yield of 50 per cent 
from the original incubation mixture was obtained. 

Analysis for m-Aminophenyl Sulfate—The method for deter- 
mining m-aminopheny! sulfate formed in incubation mixtures 
is a modification (1) of that reported by Levvy and Storey (12) 
and is based on a reaction (13) for the determination of sulfona- 
mides. 

Assay for PAPS—A final volume of 1 ml. that contained 
0.039 m EDTA, pH 6.4, 0.001 m m-aminophenol, and 0.2 ml. 
of rabbit liver supernatant fluid, together with an aliquot con- 
taining PAPS, was incubated at 38° for 40 minutes. The re- 
action was terminated by the addition of perchloric acid and 
analyzed for the m-aminopheny] sulfate formed. 

Assay for PAP—This assay is similar to the one reported by 
Gregory and Nose (14) and Gregory and Lipmann (15). A 
final volume of 1 ml. that contained 0.039 m EDTA, pH 6.4, 
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Fic. 1. Accumulation of PAPS when lyophilized rat liver super- 
natant fluid is incubated with ATP, magnesium, and sulfate for 
various times before the addition of EDTA and m-aminophenol 
as measured by the amount of m-aminopheny! sulfate formed. 
0.15 ml. of EDTA-phenol solution was added to terminate the 
sulfate activation reactions and to permit the transfer of sulfate 
from the accumulated PAPS to m-aminophenol to proceed. The 
final volume of 1 ml. contained 0.04 m imidazole hydrochloride 
buffer, pH 7.00, 0.005 m ATP, 2.5 X 10-* m magnesium chloride, 
3 X 10-* m sodium sulfate, 1 X 10-* M m-aminophenol, and 0.01 m 
EDTA. The following amounts of lyophilized rat liver super- 
natant fluid per ml. are represented by the indicated curves: 
5 mg., A; 10 mg., C; 15 mg., E; 20 mg., F; 30 mg., D; and 40 mg., B, 


0.001 mM m-aminophenol, 0.001 m p-nitrophenyl sulfate, and 
0.1 ml. of rabbit liver supernatant fluid, together with the PAP 
to be determined, was incubated for 1 hour at 38° and analyzed 
for the m-aminopheny] sulfate formed. The incubation medium 
should contain no more than 0.8 myumole of PAP. Values of 
the m-aminopheny] sulfate formed are compared with a standard 
curve with use of known concentrations of PAP or PAPS. This 
assay does not distinguish between PAP and PAPS. 


RESULTS 


EDTA as Inhibitor for Sulfate Activation Reactions—EDTA 
is a potent inhibitor of sulfate activation (Reactions 1 and 2). 
When supernatant fluid from lyophilized rat liver is used as 
the enzyme source, EDTA/Mg** in a concentration ratio of 
2 in the incubation medium will inhibit the reaction 95 per 
cent. With ammonium sulfate fractions this ratio must be 
12 in order to obtain the same amount of inhibition. By the 
utilization of EDTA it is possible to assay for either the activa- 
tion or transferring systems in the presence of the enzymes of 
both systems. The enzyme preparation is incubated with all 
of the substrates except m-aminophenol, thereby allowing the 
accumulation of PAPS. EDTA and m-aminophenol are added 
simultaneously, and the reaction is incubated further to permit 
the enzymatic transfer of sulfate from PAPS to m-aminophenol. 
Kinetic curves obtained by variation of the time of incubation 
before the addition of EDTA and m-aminophenol with lyophil- 
ized supernatant fluid from rat liver as the enzyme source are 
illustrated in Fig.1. The effect was first observed by McGilvery? 
with fluoride as inhibitor. The time at which the peak of PAPS 
accumulation occurs appears to be a function of the enzyme 
concentration. PAPS is possibly being utilized to esterify some 


2? Unpublished data. 
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acceptor present in the enzyme preparation, or it is being de- 
stroyed upon prolonged incubation. With ammonium sulfate 
fractions the initial rate of PAPS formation was linear, with a 
subsequent leveling off. A decline in the amount of PAPS 
accumulated after a prolonged preincubation time was never 
observed. The ammonium sulfate fraction thus permitted the 
accumulation of PAPS in quantities suitable for preparative 
isolation. 

The Exchange Reaction—PAP serves as a coenzyme in the 
exchange reaction by effecting a transfer of sulfate from p- 
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Fic. 2. Effect of PAP concentration on the exchange of sulfate 
from p-nitrophenyl sulfate to m-aminophenol catalyzed by phenol 
sulfokinase, as measured by formation of p-nitrophenol (Curve A) 
and m-aminopheny! sulfate (Curve B). 1 ml. of incubation me- 
dium, containing 0.039 m EDTA buffer, pH 6.4, 0.001 m m-amino- 
phenol, 0.001 m p-nitrophenyl sulfate, and 0.1 ml. of rabbit liver 
supernatant fluid, was incubated for 1 hour at 38°. 
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Fic. 3. Kinetic curves demonstrating the effect of PAP on the 
transfer of sulfate from PAPS to m-aminophenol catalyzed by 
phenol sulfokinase, as measured by m-aminopheny] sulfate forma- 
tion. 1 ml. of incubation medium contained 0.01 m EDTA, 0.001 
M m-aminophenol, 0.04 m imidazole hydrochloride buffer, pH 7.0, 
and 6.7 X 10-'m PAPS. The tubes containing PAP were 6.4 X 
10-5 min respect to PAP. Enzyme preparation was an ammonium 
sulfate fraction of rat liver supernatant fluid. 
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nitropheny] sulfate to m-aminophenol (Reaction 5) catalyzed 
by phenol sulfokinase. Fig. 2 represents the amount of exchange 
occurring when the concentration of PAP is in the range of 1 to 
4 xX 10-*m. Concentrations beyond 2 x 10~°m will begin to 
inhibit this reaction. The nature of the inhibition is such that 
p-nitrophenol formation remains essentially constant, whereas 
m-aminopheny] sulfate formation is depressed as the concentra- 
tion of PAP is increased beyond 2 X 10-'m. A3P, A5P, adeno- 
sine-2’ ,5’-diphosphate, and ATP all failed to support the ex- 
change reaction. ADP will catalyze some exchange due to the 
presence of PAP as an impurity. Samples of ADP used in 
these experiments contained 0.33 per cent of PAP. 

Since such low concentrations of PAP serve to saturate the 
enzyme responsible for the exchange reaction, a sensitive method 
for detecting and estimating PAP was made available. The 
advantage of the method lies in the fact that incubation media 
suspected of containing PAP can be diluted many-fold, thereby 
diluting enzymes, salts, and other nucleotides in the sample 
beyond concentrations at which they may affect the reaction. 

PAP as Inhibitor for Phenol Sulfokinase—Addition of an 
equivalent amount of PAP to a system containing PAPS in- 
hibits the transfer of sulfate to m-aminophenol catalyzed by 
phenol sulfokinase to the extent of 50 per cent (Fig. 3). By 
virtue of its blocking action at the phenol sulfokinase level, 
PAP will inhibit the over-all reaction sequence involved in the 
formation of phenyl sulfate esters. The inhibitory effect is 
evident at concentrations as low as 2 X 10-' mM PAP. Segal 
(16) and Bernstein and McGilvery (3) reported an inhibitory 
effect on phenol esterification by CoA and, furthermore, Segal 
(16) noted that dephosphorylated CoA was ineffective as in- 
hibitor. The inhibition may be due to the PAP moiety of the 
CoA molecule or to the presence of PAP in the preparation. 
Whether PAP inhibits Reactions 1 and 2 is unknown. 

Equivalence of Isolated PAPS and PAP Obtained by Hydrolysis 
of CoA—It was possible to demonstrate by means of the ex- 
change reaction that PAPS obtained by the isolation procedure 
described is equivalent to PAP obtained by hydrolysis of CoA 
with the dinucleotide pyrophosphatase. 

Whether PAP Accumulates in the System—The existence of 
the exchange reaction that effects the transfer of sulfate from 
p-nitropheny! sulfate to m-aminophenol, in which PAP serves 
as a coenzyme, suggested the possibility that PAP may be in- 
volved in other exchange reactions. By such means PAP may 
serve as a true coenzyme, effecting transfer of sulfate from high 
energy donors (presumably APS) to acceptors. Berg’s (17) 
postulation of the reactions 


acetate + ATP = adenylacetate + PP (6) 


adenylacetate + CoA = acetyl CoA + A5P (7) 


provides an analogous reaction sequence in the acetate-activat- 
ing system. The kinase function (Reaction 2) may serve as a 
means of providing PAP. If such a system were operative, PAP 
would not accumulate in systems which actively esterify phenols. 
In order to determine whether PAP is recycled, the appropriate 
substrates were incubated in the presence of the activating and 
transferring enzymes, and kinetic curves were obtained in which 
formation of m-aminopheny] sulfate, PAP, and PAPS was deter- 
mined. Fig. 4A illustrates that the concentration of PAPS 
rises to an early maximum and then declines, whereas that of 
PAP rises to about 2 x 10~° m and essentially remains at that 
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level. The presence of a nucleotidase that destroys PAP was 
established by incubating PAP in the presence of the enzyme 
and Mg**; 2 moles of phosphate were released per mole of PAP 
destroyed. This nucleotidase was Mg**-dependent and was 
inhibited by a concentration of fluoride which permitted the 
sulfate activation steps to proceed, although at a 50 per cent 
reduction in rate. The kinetic curves obtained by incubation 
in the presence of 0.12 m fluoride are represented in Fig. 4B. 
The amount of PAP accumulated parallels approximately the 
amount of phenol esterified. In view of the inhibitory effect 
of PAP on the over-all reaction, and the equivalent formation 
of m-aminopheny] sulfate and PAP, it appears that Reactions 
1, 2, and 3 comprise the only pathway involved. The enzymes 
that catalyze the pathway of sulfate esterification thus outlined, 
together with the phosphatases and nucleotidases known to be 
present in the enzyme preparation, would account for the 4 
phosphate molecules released per mole of phenol esterified, as 
noted by Segal (16). 

Nucleotidase Activity—Table | illustrates some properties of 
the nucleotidase that attacks PAP. The enzyme preparation, 
which contains an active 5’-nucleotidase, fails to attack A3P. 
It appears therefore that this is a unique 3’-nucleotidase in that a 
charged group in the 5’-position is necessary for its activity. 
PAPS is also attacked, although at a slower rate. When 77 
mumoles of PAPS were incubated in the presence of the enzyme 
and Mg**, 41 mumoles of PAPS disappeared and 41 mymoles 
of phosphate were released. Under the same conditions, 117 
mumoles of PAP released 252 mumoles of phosphate. This may 
account for the decline in PAPS accumulation noted in Figs. 1 
and 4A. 

Anomalous Behavior Observed in Fluoride-Poisoned Systems— 
Bernstein and McGilvery (3) demonstrated the enzymatic 
activation of inorganic sulfate by ATP as a preliminary step for 
the conjugation of m-aminophenol by comparing the initial rate 
of the enzymatic system containing all the substrates and co- 
factors required for phenol conjugation as a control with a simi- 
lar system which had first been preincubated with all the sub- 
strates with the exception of the phenol. The accumulation 
of an intermediate was manifested by an initial rapid conjugation 
when m-aminophenol was added to the preincubated system as 
compared to an initial lag in m-aminopheny] sulfate formation 
which characterized the control system. A curious result was 
obtained when the ATP concentration was lowered and fluoride 
included in the reaction medium. The addition of the phenol 
produced the expected rapid initial conjugation which in this 
case, however, slowed to an almost complete halt and then pro- 
ceeded at about the same rate as the control. The existence 
of an inflection in the kinetic curves obtained in these experi- 
ments seemed to indicate a delay for building up the concentra- 
tion of the active sulfate intermediate after the initial accumula- 
tion was depleted. It was believed that the intermediate con- 
tained a component which was added with the enzyme and, 
therefore, its concentration would limit the final level of inter- 
mediate accumulation. These conditions would be satisfied if the 
esterification of phenols depended upon the recycling of PAP. 
Since this explanation is no longer tenable, the inflection ob- 
tained in these curves constitutes an anomaly peculiar to the 
system. 

These experiments were repeated in the course of this investiga- 
tion in order to extend the analysis to the PAP and PAPS ac- 
cumulation during the course of the formation of m-aminopheny] 
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Fic. 4. The formation of m-aminophenyl sulfate, PAPS, and 
PAP when the appropriate substrates are incubated with an am- 
monium sulfate fraction of rat liver supernatant fluid in the ab- 
sence of fluoride (A) and in the presence of fluoride (B). The 
incubation medium of 2.55 ml. (A) contained 0.047 m imidazole 
hydrochloride buffer, pH 7.00, 6 X 10-* mM magnesium sulfate, 6 X 
10-* m ATP, 1.2 X 10-* M m-aminophenol, and 7 mg. of protein. 
The incubation medium of 2.55 ml. (B) contained 0.047 m imidazole 
hydrochloride buffer, pH 7.00, 3 X 10-* Mm magnesium sulfate, 3.5 
xX 10°* m ATP, 1.2 X 10°? M m-aminophenol, 0.12 m potassium 
fluoride, and 7 mg. of protein. The reaction was terminated in 
both cases by the addition of 0.45 ml. of 0.2 m EDTA, pH 7.00, 
and 1 ml. was immediately deproteinized with perchloric acid 
and subsequently analyzed for m-aminophenyl sulfate formed. 
To determine PAP and PAPS concentration, a 0.5 ml. aliquot was 
immediately assayed for PAPS and a 1 ml. aliquot was diluted to 
100 ml. and assayed for PAP and PAPS. The difference in the 
two values represents the amount of PAP formed in the incubation 
mixture. 


TaBLe I 
Release of phosphate from PAP incubated with a supernatant 
ammonium sulfate fraction from rat liver 
under varying conditions 
The basic incubation medium contained 0.04 m imidazole hy- 
drochloride buffer, pH 7, 0.005 mM magnesium sulfate, and 3 mg. 
of protein in a volume of 1 ml. All incubations were at 38° for 








30 minutes. 

Conditions |" Initial PAP | POs released m. wm 
gy | mysmotes | mpmotes | mmoles 
Control... .. SPA OE. 85 160 0 
0.1 m KF added.............| 8 | 30 68 
0.01 m A3P added... ora 85 160 0 

| | 
Se A ee ae Pee 107 = |) 20 
Mg omitted................ | 107 50 
Mg omitted and EDTA 


ere) 107 0 





sulfate. The experiment was modified by including isolated 
PAPS in the original incubation medium instead of permitting 
an accumulation of PAPS by means of a preincubation in the 
absence of phenol. The inflection in the course of phenol 
esterification is evident in the lower curve in Fig. 5, and the effect 
is reflected in the curve that represents PAP accumulation. The 
concentration of PAPS was never limiting. 

When this experiment was conducted by following the alterna- 
tive procedure which utilized a preincubation in the absence 
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Fic. 5. Kinetic curves representing PAP, PAPS, and m-amino- 
phenyl sulfate formation in fluoride-poisoned systems obtained 
when PAPS and PAP are included in the original incubation mix- 
ture. The incubation medium of 2.55 ml. contained 4.2 x 10-5 
mM PAPS, 1.6 X 10-5 m PAP, 0.046 m imidazole hydrochloride buffer, 
pH 7.00, 3.5 X 10°? m ATP, 3 X 10-* m magnesium sulfate, 1.2 X 
10-* m m-aminophenol, and 0.12 m potassium fluoride. The reac- 
tion was terminated by addition of 0.45 ml. of 0.2 m EDTA and 
analyzed for m-aminopheny] sulfate, PAPS, and PAP as described 
under Fig. 4. 


of phenol to permit the accumulation of PAPS, it was found that a 
substantial amount of PAP (2 moles of PAPS for 1 mole of PAP) 
also accumulated in the system. PAP was never observed to 
accumulate in systems devoid of fluoride, which fact was presuma- 
bly due to the action of the nucleotidase which removes it; nor 
did PAP accumulate in a system containing EDTA, which in- 
hibits sulfate activation. Although this may reflect a hydrolysis 
of the phosphosulfate linkage in the incubation mixture, the 
possibility of sulfate transfer to endogenous substrate cannot 
be excluded. 


DISCUSSION 


The observations reported in this paper indicate that PAP is a 
product of the enzymatic reactions that affect the biosynthesis 
of pheny] sulfate esters, rather than a participant in the reaction. 
Its role as an inhibitor in the process and its accumulation as 
the reaction proceeds support such a view. The function of 
PAP as a coenzyme in the transfer reaction and its activity at 
extremely low concentrations, however, suggest that it may play 
a role in physiological processes. 

The fact that the same enzyme preparation that contains 
enzymes leading to the synthesis of PAPS also contains a nucleoti- 
dase capable of degrading PAPS suggests a means of biological 
control whereby the level of PAPS available for sulfate esteri- 
fication may be regulated. In this connection, it may be signif- 
icant that the rat liver supernatant fluid is incapable of accumu- 
lating more than 60 myumoles of PAPS and actually exhibits 
a decline in the accumulation of PAPS if the incubation is pro- 
longed. 

The presence of other undisclosed enzymes or cofactors which 
play a role in the metabolism of sulfate is suggested by the anom- 
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alous behavior observed under those conditions where con- 
tributing reactions may be inhibited by fluoride. 

It was noted that when an enzymatic system containing phenol 
and all the cofactors essential for phenol esterification with sulfate 
is incubated, the kinetic curves obtained are characterized by an 
initial lag in the formation of m-aminopheny] sulfate (3, 4) (Fig. 
4). Therefore, it was surprising that some preparations con- 
tinued to exhibit this lag despite the fact that PAPS had been 
included in the original incubation medium. In contrast to the 
inflections in kinetic curves obtained in fluoride-poisoned 
systems, this effect was not reproducible. The effect was ap- 
parent only in some preparations of lower activity obtained from 
female rat livers. 

Gregory and Lipmann (15) report a pH optimum between 7 
and 8 for phenol sulfokinase from rabbit liver for the reaction 
effecting transfer of sulfate from p-nitrophenyl] sulfate to phenol. 
This is in contrast to the pH optimum of 6 to 6.4 found in this 
investigation for the reaction which effects the transfer of sulfate 
from PAPS to m-aminophenol, utilizing EDTA and imidazole as 
buffers. The difference in findings can be explained on the 
basis of the differing substrates used, although the possibility 
of the existence of more than one enzyme responsible for activ- 
ity towards phenols has not been excluded (15). 


SUMMARY 


1. A method for isolating 85 to 90 per cent pure adenosine-3’- 
phospho , 5’-phosphosulfate (PAPS) in substrate amounts from 
reaction mixtures is described. 

2. A sensitive method for estimating adenosine-3’ ,5’-diphos- 
phate (PAP) was provided by an exchange reaction catalyzed 
by phenol sulfokinase whereby sulfate is transferred from p-nitro- 
pheny] sulfate to m-aminophenol, requiring PAP as a coenzyme. 
The enzyme is saturated when the concentration of PAP is 2 x 
10-* m. Concentrations beyond 2 x 10~* M are inhibitory. 

3. Evidence is presented for the existence of a new nucleoti- 
dase which attacks PAP by hydrolysis of the 3’-phosphate link- 
age. PAPS is attacked at a slower rate. The enzyme does 
not attack 3’-adenylic acid. 

4. PAP serves as an inhibitor in the over-all sequence leading 
to the esterification of phenols by virtue of its inhibitory effect 
on phenol sulfokinase. A concentration as low as 2 x 107° m 
will exert an inhibitive effect. 

5. It was found that PAP accumulates in a system accomplish- 
ing phenol esterification with sulfate when the nucleotidase 
attacking PAP is inhibited by fluoride. The amount of PAP 
which accumulates is approximately equivalent to the amount 
of m-aminophenol esterified. 

6. Some anomalies of the system accomplishing sulfate esteri- 
fication of phenols under certain conditions suggest the presence 
of other undisclosed enzymes or cofactors involved in phenyl 
sulfate biosynthesis. 


Acknowledgment—The author wishes to express his gratitude 
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by Enzymes from Rat Tissues’ 
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An enzyme system capable of incorporating radioactive thymi- 
dine into deoxyribonucleic acid has been demonstrated in ex- 
tracts of Escherichia coli (1-3) and in homogenates from re- 
generating rat liver (4). The purpose of this report is to pre- 
sent evidence that the enzymes necessary for the incorporation 
reactions are present in the high speed supernatant fraction of 
homogenates from regenerating rat liver and other rat tissues. 
In addition, some properties of this soluble enzyme system, and 
its assay in several tissues, will be described. A preliminary 
report of this work has been presented (5). 


METHODS 


Thymidine and thymidine-H* were purchased from Schwarz 
Laboratories, Inc., Mount Vernon, New York. Specific activity 
of the tritium-labeled thymidine was 390 we. per umole, radio- 
chemical purity 100 per cent.!. This compound was used un- 
diluted in early experiments and later diluted with nonradioactive 
thymidine. The potassium salt of 3-P-glyceric acid? was pre- 
pared from Ba-3-P-glycerate and K.SO, in the usual manner. 
ATP was used as the disodium salt. ATP and 3-P-glycerate 
solutions were neutralized to pH 7.6 to 7.8 (phenol red internal 
indicator) with NaOH before use. dGMP, dAMP, dCMP, and 
thymidylic acid were purchased from the California Foundation 
for Biochemical Research. Tris, the buffer used most frequently, 
was a commercial product recrystallized from ethanol-water. 
The DNA preparations used have been (1) a somewhat discolored 


* This work was supported in part by a grant (No. C-646) from 
the National Cancer Institute, United States Public Health Serv- 
ice. 

Tt Postdoctoral Fellow of the National Cancer Institute, United 
States Public Health Service. 

1 Thymidine-H* is prepared catalytically, as mentioned by 
Taylor et al. (6). The manufacturer states that isotope does not 
exchange on repeated evaporation and crystallization from hy- 
droxylic solvents. Verly and Hunebelle (7) report their catalyti- 
cally tritiated thymidine to be labeled exclusively in the pyrimi- 
dine ring. 

In a previous publication ((4), Footnote 6), the 6 position of 
thymidine according to Chemical Abstracts nomenclature was 
called position 4, and the tritium was stated to be in that position. 
Presumptive arguments can be made for 6-labeling, but until deg- 
radation studies are performed no definite statement about posi- 
tion can be made. 

2The abbreviations used are: DNA, deoxyribonucleic acid; 
RNA, ribonucleic acid; (AMP, dGMP, dCMP, 5’-deoxyribomono- 
phosphates of adenine, guanine, and cytosine; ATP, adenosinetri- 
phosphate; 3-P-glyceric acid, 3-phosphoglyceric acid; and Tris, 
tris(hydroxymethyl)aminomethane. 
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product (General Biochemicals, Inc., Chagrin Falls, Ohio) 
which did not give viscous solutions, reprecipitated from acidified 
ethanol and washed with 0.9 per cent NaCl before use, (2) a high 
polymer preparation (Worthington) from calf thymus, and (3) a 
high polymer preparation (California Foundation) from salmon 
sperm. Preparation 1 was least effective in the incorporation 
reactions. Preparations 2 and 3 were equivalent and more 
effective than Preparation 1. All other reagents were analytical 
grade, and all solutions were made in glass-distilled water. 

Male albino rats weighing 140 to 225 gm. were obtained from 
the Holtzman Company, Madison, Wisconsin. When regenerat- 
ing liver was studied the rats were partially (about 70 per cent) 
hepatectomized (8), and fed ad libitum until killed 24 to 26 
hours after the operation. Tissues were removed rapidly and 
placed in ice cold saline. Further processing was done at 0-4°. 
Homogenates were prepared by disrupting the liver cells with an 
all glass homogenizer in 3 or 4 volumes of buffered sucrose 
medium composed of 250 ml. of 0.25 m sucrose, 15 ml. of 0.2 m 
Tris: HCl, pH 8, and 10 ml. of 0.15 m KCl. Nuclei were pre- 
pared by centrifuging the whole homogenate for 10 minutes at 
600 x g, and subjecting the sediment to four further resuspen- 
sions and resedimentations in homogenization medium. The 
supernatant fraction used as enzyme source in these experiments 
was prepared by centrifuging the nuclear supernatant fraction 
or whole homogenate for 60 minutes at 105,000 x g in the Spinco 
preparative ultracentrifuge, No. 30 rotor. When 4 gm. or less 
of a tissue was available, such as in studies of individual re- 
generating livers or tissues other than liver, homogenates were 
centrifuged at 140,000 x g in the No. 40 Spinco rotor. In- 
creasing time of centrifugation to 90 minutes also gave fully 
active preparations. The supernatant fraction (S3) was sepa- 
rated from sediment and fatty overlayer by aspirating the middle 
layer with a syringe. 

Incubations were carried out in conical flasks or 15 ml. centri- 
fuge tubes. Reactions were started by placing incubation vessels 
in a 38° water bath and terminated by cooling to 0-4° and then 
adding cold HClO, to a final concentration of 0.2 to 0.4 M. 
DNA was isolated from the acid-washed precipitate essentially 
as described by Hecht et al. (9), i.e. NaCl extraction followed 
by ethanol precipitation and alkaline hydrolysis to remove RNA. 
DNA was determined with the Dische diphenylamine reagent 
for deoxypentose (10). 
flow counters. In some of the work reported here no correction 
has been made for self-absorption. Since approximately the 


3 This particular DNA preparation was less effective than prep- 
arations used later. See Table IV, last entry, for a comparable 
result with more effective DNA. 





. 2 . . ¢ 
Radioactivity was assayed in windowless 
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same amount of DNA was plated from each reaction mixture 
corrections would not influence the interpretation of results. 
Uncorrected data are reported as specific activity, defined as 
counts per minute per mg. of DNA, or total activity in counts 
per minute. In most instances an attempt to present data as 
absolute incorporation, i.e. wmoles of thymidine incorporated, 
is also included. Such data are corrected for self-absorption and 
over-all efficiency of the counter, but not for dilution of radio- 
active substrates by endogenous thymidine compounds. 100 ug. 
was the usual amount of DNA spread over a 3.8 sq. cm. area 
inscribed on Al planchets, requiring a self-absorption correction 
of about 1.5. Over-all efficiency of the counter was 31 per cent. 
In certain cases data are reported as per cent of control and are 
derived directly from uncorrected specific activity data. In 
comparing activity of the enzymes from various tissues, specific 
activities are corrected for supernatant protein concentration 
and are reported arbitrarily as activity relative to thymus. 
Protein was measured colorimetrically with the alkaline Cu 
reagent of Gornall et al. (11). 


RESULTS 


Homogenates and Cell Fractions 


Experiments with homogenates from regenerating rat liver (4), 
with recombinations of nuclei and whole cytoplasmic fraction 
and with sonically disrupted nuclei and supernatant fraction, 
demonstrated incorporation of thymidine into DNA in all such 
combinations. These experiments, which were of a preliminary 
nature and are thus not detailed here, served to show that 
incorporation reactions occurred and could proceed in systems 
in which ATP was regenerated oxidatively or with 3-P- 
glycerate. 

To assess the contributions of nuclear and supernatant frac- 
tions, normal and 24 hour regenerating rat livers were separated 
into nuclear and high speed supernatant fractions (S3), and the 
combinations indicated in Table I were incubated. The results 
show that enzymatic activity follows the supernatant fraction of 
regenerating liver, that normal nuclei are as effective as regenerat- 
ing nuclei with active supernatant fraction, and that nuclei 
could be replaced by a soluble DNA preparation.’ In addition, 
it may be seen that addition of the other nucleotide components 
of DNA stimulated incorporation in the regenerating supernatant 
fraction, but showed no effect on the result with normal liver. 


Properties of Supernatant Enzyme System 


The supernatant enzyme with soluble DNA has the advantages 
of solubility of all components, and the absence of competing 
reactions present in nuclei, mitochondria, and microsomes. 
This fraction seemed to be the simplest one for examining some 
of the properties of the incorporating reactions. 

The supernatant fraction is essentially free of DNA, and it 
was therefore possible to demonstrate an absolute requirement 
for DNA, and to show that incorporation is related to DNA 
concentration as indicated in Table II. Fig. 1 shows thymidine 
incorporation as a function of time under several conditions of 
incubation. In the lower curve, all components of the reaction 
mixture were present at zero time. The middle curve is from 
reaction mixtures identical in composition with the lower curve, 
but all components except DNA were preincubated for 10 min- 
utes, and the time of DNA addition was taken as zero time. The 
upper curve shows the effect of including dCMP, dGMP, and 
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TaB_e I 

Demonstration of incorporating activity in liver supernatant fraction 

Each flask contained the following components in a final volume 
of 1.45 ml.: 0.25 gm. equivalent of S; (normal or regenerating); 0.20 
gm. equivalent of 4 times washed nuclei (normal or regenerating) 
or 1.25 mg. of DNA; 2.5 umoles of ATP; 10.0 umoles of 3-P-glycer- 
ate; 2.5 umoles of Mg**; 2.5 umoles of K2H PO,; 0.0064 umoles of 
thymidine-H? (2.5 ue. of specific activity 390 we. per umole, about 
1.7 X 10° ¢.p.m.); and was incubated 30 minutes at 38°, with 
shaking. 


Supernatant fraction 


DNA-containing fraction 


24 hr. regenerating 


Normal liver er 


| ¢.p.m./mg. DNA | c.p.m./mg. DNA 





Nuclei, normal rat liver. . . 700 2,800 
Nuclei, 24 hr. regenerating rat | 
RE ARES erie ee Rep Kara me 600 2,000 
Ws WI Ais oi ick cscecans 120 | 7,700 
Soluble DNA + 0.1 umole of | 
dAMP, dGMP, dCMP..... 110 13, 200 
TABLE II 


Incorporation in supernatant fraction as function 
of DNA concentration 


In the first experiment each tube contained in 1.0 ml. of reac- 
tion mixture: 0.5 ml. (0.125 gm. equivalent) of supernatant frac- 
tion from a 25 per cent homogenate of 25 hour regenerating liver; 
DNA as indicated in the table; 2.0 umoles of ATP; 8.0 umoles of 
3-P-glycerate; 2.0 umoles of MgCl:; 0.0064 umoles of thymidine-H* 
(2.5 ue. of specific activity 390 ue. per umole, about 1.76 & 10° 
¢.p.m.); and was incubated 30 minutes at 38°. After incubation, 
1060 ug. of DNA was added to the tubes which contained no DNA 
during the incubation. 

In the second experiment, each tube contained in 1.0 ml.: 
supernatant fraction, ATP, 3-P-glycerate, and MgCl. as above; 
0.064 umoles of thymidine-H* (2.5 we. of 39 we. per umole, about 
1.76 X 10° c.p.m.); 28 wmoles of Tris: HCl, pH 8; 0.01 umole each 
of dAMP, dGMP, dCMP; DNA, added after a 10 minute period 
of preincubation of all other components; and was incubated 60 
minutes at 38°. After incubation DNA was added to bring the 
total in each tube to 500 ug. 





| Total 





— | DNA added | a yea a. 
ug/ml. | C.p.m. | pumoles 
thymidine-H® 
1 0 | o* | 0.00 
1,060 | 27,100 0.18 
2 5 | 2,170 0.12 
50 10,400 0.56 
250 | 18,100 1.03 
500 | 27,800 1.70 








* This result is from duplicate incubations. In both cases the 
actual count was 2 per minute above background in 10 minutes of 
counting. Since the incubations with DNA gave actual counts 
greater than 3000 per minute above background the result is 
interpreted as an absolute requirement for DNA. 


dAMP in the preincubation. Since phosphorylation of thymi- 
dine was assumed to occur before incorporation into polynucleo- 
tide, stimulation by preincubation seemed to be a logical result, 
and is interpreted as being the consequence of a build-up of DNA 
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Fig. 1. Incorporation of thymidine into DNA as a function of 
time. Substrate concentrations as in Table II, Experiment 1. 
O = no preincubation, @ = 10 minute preincubation before 
addition of DNA, @ = 10 minute preincubation and inclusion of 
0.01 umole each of dAMP, dCMP, and dGMP. 
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TaB.e III 


Incorporation in supernatant fraction as function of 
thymidine concentration 

Each tube contained in 1.0 ml. reaction mixture: 0.100 gm. 
equivalent of supernatant fraction from 24 hour regenerating 
liver; 2.0 umoles of ATP; 8.0 umoles of 3-P-glycerate; 2.0 umoles 
of MgCl.; 0.01 umole each of dAMP, dGMP, and dCMP; 11.2 
umoles of Tris-HCl, pH 8; thymidine-H?® as indicated (78 ue. per 
umole); 500 ug. of DNA, added after 10 minute preincubation. 
Incubation time, 60 minutes after addition of DNA. 





Thymidine-H? Thymidine-H* 
added incorporated 





mumoles mymoles 
6.4 0.36 
32 0.53 
64 0.59 
128 0.61 








precursors during preincubation. (See Standard Assay Method 
III for further application of this concept.) 

A substrate curve for thymidine, Table III, indicates satura- 
tion beyond 0.06 mm thymidine. Participation of ATP is shown 
in the data of Table IV. In the first entries in this table ATP 
was not regenerated with 3-P-glycerate, and the actual level of 
ATP was presumbly changing over the 60 minute incubation 
period. Addition of 3-P-glycerate improved the incorporation 
considerably at the lowest ATP level. Subsequent experiments 
have been done with ATP 0.005 m and 3-P-glycerate 0.006 m. 
Addition of Mg++ above the amount stoichiometric with ATP 
did not affect the incorporation of thymidine. Slightly better 
results have been obtained with deoxynucleotide levels increased 
to 0.05 mm each. 


Standard Assay 


With the information presented above, the following conditions 
were selected for routine assay of the enzyme system: (mm) 
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TaBLe IV 


Incorporation in supernatant fraction as function of ATP and 
3-P-glycerate concentration 

Each tube contained in 1.0 ml. reaction mixture: 0.125 gm. 

equivalent of supernatant fraction from 25 hour regenerating 

liver; ATP and 3-P-glycerate as indicated; 0.01 umole each of 

dAMP, dGMP, dCMP; 0.0064 umole of thymidine-H?* (2.5 ue. of 

specific activity 390 uc. per umole, about 1.76 X 10° c.p.m.); and 























500 wg of DNA, added after 10 minute preincubation. Incubation 
time, 30 minutes after addition of DNA. 
Additions 
Specific activity Re 
MgNa2ATP 3-P-glycerate 
umoles/ml. umoles/ml. ‘ cn jng. OA /mumoles thymidine-H? 
| 
0.4 0 4,880 0.0012 
2.0 | 0 198,000 0.49 
4.0 0 286 , 000 0.68 
6.0 0 341,000 0.82 
0.4 5.6 119,000 0.27 
2.0 4.0 229 , 000 0.48 
TABLE V 


Miscellaneous factors affecting thymidine incorporation 
in supernatant fraction 
Each tube was incubated under conditions of Standard Assay 
(see text, Method IT). 











Incubation conditions augue = 

RMI FE cicuste ent ch oe conte eepeatna pikes 100 
S; + substrates incubated 10 min., boiled 1 

min., add DNA, incubate 60 min............. 0 
Aga RN Anse at 0 MAM... «.... 260.6. cc ccccsecceus: 140 
40 umoles glycine, pH 9 (replacing Tris)...... | 100 
50 umoles PO,, pH 7 (replacing Tris).......... | 81 
50 umoles PO,, pH 6 (replacing Tris).......... | 24 
Add 10 umoles pyrophosphate................. 50 
Add 100 umoles pyrophosphate................ 0 





thymidine-H*, 0.06; dCMP, dAMP, and dGMP, 0.05; ATP, 5; 
Mg**, 5; 3-P-glycerate, 6; Tris: HCl, pH 8, 40; 1 mg. of DNA; 
and 0.1 to .5 ml. of (2 to 10 mg. protein) supernatant fraction in 
a final volume of 1 ml. 

Further observations on the supernatant enzymes with 
Standard Assay conditions are summarized in Table V. They 
demonstrate (1) the heat lability of the incorporation process, 
(2) that depolymerization of endogenous RNA with ribonuclease 
has no inhibitory effect, (3) an optimum in activity at pH 8 to 9, 
and (4) inhibition of incorporation by pyrophosphate. 

While adhering to the final concentrations outlined in the 
Standard Assay, the incorporation reactions have been carried 
out in several ways depending on the purpose of the experiment: 

Method I—All reaction components were added together at 
0-4°, then incubated at 38°. The relation between protein 
concentration and thymidine incorporation with this procedure 
is shown in Fig. 2A. 

Method II—A\l reaction components except DNA were mixed 
at 0-4° in a volume of 0.8 ml., and incubated for 10 minutes at 
38°. DNA, 0.2 ml., was then added rapidly and incubation 
allowed to continue for 60 minutes. This procedure requires 
careful timing, and is rather cumbersome when a large number 
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of reactions are being carried out simultaneously. Fig. 2B 
depicts the relation between incorporation and protein concen- 
tration with this procedure. 

Method IIJ—This method utilizes a supernatant fraction 
(such as 24 hour regenerating liver, known to be active by 
Method I or II) as a kinase preparation to prepare the substrates 
for polymerizing enzyme in heat stable form. All components 
except DNA (substrates at approximately double final concen- 
tration) are incubated for 30 minutes. The reaction mixture 
is then boiled for 1 minute with vigorous stirring. Insoluble 
protein is removed by centrifugation, and a suitable aliquot of 
the clear supernatant solution, which has been shown to contain 
the four deoxyribotides primarily as triphosphates,‘ is taken for 
a second incubation period with DNA and the sample desired to 
be examined for incorporating ability. It should be noted that 
use of this procedure changes the character of the assay to one 
for polymerizing enzyme(s) alone. Incorporation as a function 
of protein concentration in this procedure is seen in Fig. 2C. 

Method III was the only one in which activity was directly 
proportional to enzyme amount, although all three procedures 
produced useful results. Increasing the preincubation period of 
Method II to 30 minutes did not improve the shape of the curve 
obtained with that procedure. Carrying out the reactions at 
constant total protein by addition of normal liver supernatant 
fraction (Method I or II) also did not change the shape of the 
curves otherwise obtained.° 

Qualitative results obtained with Methods I and II are equiva- 
lent, since both methods use only enzymes originally present 
in the tissue assayed. The quantitative result differs somewhat 
(see Fig. 1, lower curves). Method III, however, would give 
a positive result in tissues which are devoid of some of the 
enzymes necessary for incorporation in Method I or II. Quanti- 
tative results could also vary considerably, depending upon the 
level of competing enzymes. A detailed study of the differences 
between the methods when applied to various tissues has not 
been completed, although a variety of tissues have been assayed 
by at least one method. Relative activity estimates* for the 
supernatant fractions from rat tissues tested by Method I or II 
are: 24 hour regenerating liver, 40 to 100; normal liver, 2 to 5; 
spleen, 8; thymus, 100; Flexner-Jobling carcinoma, 130; and 
Walker 256 carcinoma, 300.’ Using Method III® the relative 
activities are: thymus, 100; small intestine, 30; 24 hour regenerat- 
ing liver, 28; spleen, 22; testes, 9; kidney, 8; normal liver, 7; 
lung, 4; brain, 3; heart, 3; pancreas, 1; and skeletal muscle, 1. 
These results are in general accord with published collections 
of relative incorporation of radioactive precursors into DNA in 
vivo (12). 

The assay systems described have been used in this laboratory 
in several investigations’ (13) and have been found to provide 
sensitive and dependable responses. 


4F. J. Bollum and V. R. Potter, unpublished experiments. 

5 The fact that addition of normal supernatant protein did not 
change the shape of the assay curve suggests the absence of inhibi- 
tor in supernatant fraction from normal liver. 

6 Relative activity of a tissue = specific activity of DNA after 
60 minute incubation divided by protein concentration and com- 
pared to thymus as 100 per cent. 

7 Tumors generously supplied by Mr. Alan Sartorelli and Dr. 
G. A. LePage. 

8 We wish to thank Mr. Paul Morse for providing these assays. 
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Fic. 2. Activity versus protein concentration. A, Method I; 
B, Method II; C, Method III. Concentration of substrates as in 
Standard Assay, 60 minute incubation. Different enzyme prep- 
arations were used for A, B, and C. In order to plot data on the 
same coordinates each point is expressed as fraction of the 0.3 
ml. S; value which are: A, 26,700; B, 16,800: C, 23,200 ¢.p.m./mg. 
of DNA. 


Nature of the Thymidine Linkage in DNA 


A previous study has shown that thymidine is incorporated 
only into DNA thymine in regenerating rat liver homogenates 
(4), and further work has now been carried out to establish the 
nature of the linkage of radioactive thymidine in the DNA 
labeled by the soluble enzyme systems from regenerating liver. 
Samples of labeled DNA from several reaction mixtures were 
pooled and incubated with crystalline DNAase and then venom 
diesterase according to the procedure of Sinsheimer and Koerner 
(14). The acid-soluble material formed in the digestion was 
chromatographed on Dowex 1-formate using a formic acid gra- 
dient as described by Hurlbert et al. (15). This method gives 
good separation of the four deoxyribonucleotides. A radio- 
active compound was recovered in a peak appearing in the ex- 
pected position, and having an A?’/A?® ratio of 0.83 correspond- 
ing to that of thymidylic acid. A sample of this peak was 
evaporated at 60° under an air jet and chromatographed on 
Schleicher and Schuell No. 589 Blue Ribbon filter paper in the 
isobutyric acid-NH;-ethylenediaminetetraacetic acid solvent of 
Krebs and Hems (16). The radioactivity found on the chro- 
matogram coincided with the single ultraviolet quenching spot 
with Ry 0.46 and A?*/A? of 0.84, characteristics of authentic 
thymidylic acid. It is thereby concluded that thymidine is 
incorporated into deoxypolynucleotide in diester linkage, indis- 
tinguishable from the linkage of thymidine in natural DNA. 


DISCUSSION 


In the present work on enzymatic incorporation of thymidine 
into DNA an absolute requirement for DNA has been demon- 
strated. The other properties described, such as pH optimum, 
deoxynucleotide stimulation, ATP involvement, and pyrophos- 
phate inhibition, must be regarded at the present time simply as 
operational characteristics of the crude enzyme preparation. 
This publication makes no attempt to draw specific conclusions 
regarding the number of enzymes involved or details of the enzy- 
matic reactions. It seemed worthwhile to devise assay systems 
utilizing readily available substrates and crude enzyme. The 
operational characteristics observed have been combined in 
assays suitable for studying certain of the enzymatic steps with 
simple techniques not involving isolation and purification of 
labile compounds in minute amounts. The assays described are 
not rigorous enough to permit fine discrimination of absolute 
substrate requirements because of the complex mixture of small 
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molecules present. They are useful for demonstrating the 
relative activities of various tissues, and for measuring changes 
in enzyme activity resulting from external stimuli; for example, 
x-irradiation.‘ 

The incorporation reactions proceed at a rather low level in 
crude preparations and extremely high specific activity thymidine 
was used in the initial experiments. Utilizing the improvements 
described, precursors having a specific activity of 1 uc. per umole 
should be useful with crude enzyme preparations from the more 
active tissues. It should be emphasized that use of a buffered 
homogenization medium, such as the one described, is of some 
importance. Several lines of evidence now indicate that mainte- 
nance of pH above 7 in the homogenization is a rather critical 
factor in obtaining active preparations. 

The most unexpected result of the experiments reported here 
is the finding of enzymes related to DNA synthesis in the high 
speed supernatant fraction of homogenates from mammalian 
tissues. Further work will be necessary to establish the true 
intracellular localization of these enzymes. Although this 
investigation has been directed toward the properties of the 
supernatant enzyme system, it may be noted that there is activity 
attributable to the nucleus (Column 1, Table I). The ability 
of thymus nuclei to incorporate thymidine into DNA was ob- 
served previously by Friedkin and Wood (17). If the superna- 
tant enzyme system actually is of cytoplasmic origin, rather 
than an artifact of homogenization, some explanation of its 
localization must be sought. Perhaps the simplest explanation 
would be that the enzyme system is of nuclear origin during DNA 
synthesis, but that it is liberated into the cytoplasm when the 
nuclear membrane disintegrates during mitosis. More esoteric 
speculation should await rigorous proof of enzyme distribution. 
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Separate publications will deal with partial purification of the 
phosphorylating and polymerizing enzymes, will demonstrate 
in more detail the similarities in precursor and ionic requirements 
between the EH. coli enzyme (1-3) and the mammalian DNA 
synthesizing enzyme, and will present the time course for the 
development of these enzyme activities during liver regeneration. 


SUMMARY 


(1) All of the enzymes necessary for the incorporation of 
thymidine into deoxyribonucleic acid in linkage indistinguishable 
from the native form are present in the high speed supernatant 
fraction of homogenates from regenerating liver. 

(2) In the crude enzyme system from regenerating rat liver 
it has been possible to demonstrate an absolute requirement for 
deoxyribonucleic acid, and a stimulation of incorporation upon 
the addition of complementary deoxynucleotides. 

(3) Substrate saturation curves for adenosinetriphosphate, 
thymidine, and deoxyribonucleic acid, as well as pH activity 
curves for the over-all reaction, are presented. 

(4) Simple methods for studying the enzymatic incorporation 
of radioactive thymidine into deoxyribonucleic acid have been 
developed. Utilizing these assays it has been possible to demon- 
strate incorporating activity in supernatant fractions from rat 
thymus, Walker 256 carcinoma, Flexner-Jobling carcinoma, 
spleen, small intestine, kidney, normal liver, brain, lung, testes, 
heart muscle, pancreas, and skeletal muscle, in addition to 
regenerating liver. 


Acknowledgments—We are indebted to Mrs. Dorothy 
McManus and Mrs. Lynn Gilboe, under the supervision of 
Dr. Charles Heidelberger, for radioactivity measurements. 
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Deoxyribonucleic Acid and Derivatives’ 


The Fluorometric Determination of Thymine in 


DEWayYNE RoBertst AND Morris FRIEDKIN 


From the Department of Pharmacology, Washington University School of Medicine, St. Louis, Missouri 


(Received for publication, March 25, 1958) 


Thymine, 5-methyl cytosine, thymidine, thymidylic acid, 
or deoxyribonucleic acid can be determined by a simple fluoro- 
metric method based on the release of acetol from the 5-methyl 
pyrimidine ring common to all of these compounds (2-7). Ace- 
tol, once released, can be condensed with 0-aminobenzaldehyde 
to form 3-hydroxyquinaldine, a highly fluorescent substance 
(2). This latter reaction had previously been used by various 
investigators for the estimation of acetol (8, 9) and glucose (10). 

The sensitivity of the new method is such that the thymine of 
as little as 50 myg. of DNA! in tissue homogenates can be meas- 
ured with a fluorometer adapted for small tubes (11). 


EXPERIMENTAL 
Basis of Method 


The sequence of reactions which results in the release of 
acetol by chemical degradation of thymine (Fig. 1) has been 
described by Harkins and Johnson (7) and reviewed by Bendich 
(12). Bromine water reacts with thymine to form 5-bromo-6- 
hydroxy-hydrothymine (IJ), which under alkaline conditions 
yields thymine glycol (J7Z). Upon further hydrolysis, thymine 
glycol yields acetol (JV) which can then be condensed with o0- 
aminobenzaldehyde (V) to form 3-hydroxyquinaldine (VJ). 
The present method evolved as a consequence of attempts to 
carry out all of these reactions in a single tube. 


REAGENTS AND EQUIPMENT 


1. o-Aminobenzaldehyde Stock Reagent—o-Aminobenzaldehyde 
was prepared by reduction of o-nitrobenzaldehyde (7). 0- 
Nitrobenzaldehyde, 100 mg. (Matheson, Coleman and Bell 
Division, Norwood, Ohio), FeSO, 1.8 gm., and 15 n NH,OH, 
3 ml., were refluxed for 30 to 60 minutes. A steam distillate of 
this mixture yielded 5 to 10 ml. of solution containing most of 
the o-aminobenzaldehyde. The reagent thus obtained was 
stable for at least 1 week at 4°. 

2. Bromine Water—1 volume of saturated bromine water was 


* This investigation was supported in part by a research grant 
(C-2166) from the National Cancer Institute, United States Pub- 
lic Health Service. The work reported here was taken from a 
thesis submitted by DeWayne Roberts to Washington University 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, January 1957. A preliminary report on this in- 


vestigation has been presented (1). 

+ Present address: Roswell Park Memorial Institute, Buffalo, 
New York. 

1The abbreviations used are: DNA, deoxyribonucleic acid; 
EDTA, disodium ethylenediaminetetraacetate; TCA, trichloro- 
acetic acid. 
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diluted with either 3 or 7 volumes of water immediately prior 
to use. 

3. 0.01 M EDTA. 

4. 0.38 N NaOH in 0.01 mM EDTA. 

5. 0.405 N NaOH in 0.01 mM EDTA. 

6. 0.1 M Potassium Phosphate Buffer, pH 6.9. 

7. Fluorometer—A Farrand model A fluorometer equipped 
with Corning glass filters: primary, No. 5840; and secondary, 
No. 5113 and No. 3389. 

8. Fluorometer Tubes—Pyrex culture tubes, 75 x 10 mm. 
Outside diameter, were used for cuvettes in the 1 ml. volume 
assay; tubes made according to Lowry et al. (11) were used in 
the 50 ul. assay. 

9. Water Bath—Set at 65°. 


PROCEDURE 
Determination of Thymine 


Step 1—To 5.14 wl. of a solution containing 0.002 to 2.0 
ug. of thymine in 0.01 m EDTA were added 3.36 ul. of a 0.125 
saturated solution of bromine water. The mixture was kept 
at room temperature for 20 minutes. 

Step 2—To the mixture were added 19.07 yl. of alkaline o- 
aminobenzaldehyde solution (5 volumes of 0.3 n NaOH-0.01 
EDTA plus 2 volumes of o-aminobenzaldehyde stock reagent). 
The mixture was kept at 65° for 20 minutes. 

Step 3—The reaction mixture was finally diluted with 1.0 
ml. of 0.1 m potassium phosphate buffer, pH 6.9. The fluo- 
rescence was then measured as the increase above that developed 
in control tubes in which water had been added instead of bro- 
mine water. 

The fluorescence produced was linear over the range of 0.002 
to 2.0 wg. of thymine. In the assay 0.02 yg. of thymine was 
equivalent to the fluoresence of the blank. 

Comments on Step 1—Although the bromination was essentially 
complete within 20 minutes at room temperature (Fig. 2), 
it was necessary to time the reaction exactly to reduce variability. 
0.125 or 0.25 saturated solutions of bromine water were used 
in the assay, the stronger concentration being preferable with 
higher concentrations of thymine (2 wg.) or in the DNA assay. 

The presence of EDTA was found to increase both the sensi- 
tivity and the reproducibility of the method. Huggins and 
Miller (9) have reported that cupric or manganous ions inhibit 
the reaction of acetol with o-aminobenzaldehyde and that EDTA 
overcomes this effect. Another side reaction which would result 
in a decreased yield of fluorescence is the ferrous ion-catalyzed 
oxidation of thymine glycol to pyruvic acid; this too would be 
counteracted by EDTA. 
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Fig. 1. The release of acetol (JV) from thymine and the sub- 
sequent reaction with o-aminobenzaldehyde (V) to form 3-hy- 
droxyquinaldine (VJ). 
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Fia. 2. The relationship of fluorescence intensity to bromina- 
tion time. The assay is that described in the text under ‘‘Deter- 
mination of Thymine”’ except that the time allowed for bromina- 
tion was varied. 





Bromination was effective at pH 5 or less. Solutions of thy- 
mine or other nucleic acid derivatives in TCA, or perchloric 
acid, could be treated with bromine water without any adjust- 
ment of the pH; however, in Step 2 these acids if present had to 
be neutralized and excess NaOH added to a final concentration 
0.15 Nn. Although the presence of perchlorate or trichloroacetate 
ions reduced the over-all sensitivity of the method, the linearity 
of the assay was maintained. 

Comments on Step 2—The formation of acetol and its conden- 
sation with o-aminobenzaldehyde was optimal in 0.15 n NaOH. 
Maximal fluorescence developed when the o-aminobenzaldehyde 
and alkali were added together as a combined reagent. Although 
maximal fluorescence developed at 100° (Fig. 3), it was more 
convenient to do this at 65°. The hydrolysis at 65° was care- 
fully timed. 

Comments on Step 3—The hydrolysis and coupling reactions 
were stopped by diluting the mixture with buffer. Maximal 
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Fig. 3. The relationship of fluorescence intensity to the time 
allowed for alkaline hydrolysis and reaction of acetol with o-ami- 
nobenzaldehyde at various temperatures. See assay in text under 
‘Determination of Thymine’”’ for details. 


fluorescence developed upon dilution with buffer at pH 6.9 
which is in agreement with earlier studies on 3-hydroxyquinaldine 
(8-10). Dilution of the reaction mixture with the largest 
volume of buffer possible reduced the quenching effect of excess 
o-aminobenzaldehyde; the sensitivity of the assay was thereby 
increased. The fluorescence remained stable when samples 
were stored overnight at room temperature. 


Specificity of Method 


The fluorometric method for thymine described above was 
applied to solutions containing thymidine, thymidine-5’-phos- 
phate, and DNA from calf thymus. The data in Table I illus- 
trate that equimolar amounts of these compounds yielded the 
same amount of fluorescence. Thus the thymine content of 
various derivatives can be estimated directly without prior 
release of the free base. 


TABLE I 
Fluorometric estimation of thymine content of thymidine, 
thymidine-65'-phosphate, and DNA 
Solutions of thymine, thymidine, thymidine-5’-phosphate, and 
DNA were prepared, each containing the equivalent of 0.2 mg. of 
thymine per ml. of H,O. The thymine solution was used as a 
standard for the fluorometric assay. 





Thymine content based on: 




















—— 
Compound Fluoro- 
: Phos- n 
let Ultraviolet metric 

Weight * hat 
nn con | 
ayers mg.funl. mg./ml. | mg./ml. 
Thymidine............... 0.20 | 0.20* | ome 
Thymidine-5’-phosphate...| 0.20 0.21f 0.20 | 0.24 
DNA (from calf thymus)..| 0.20t | 0.18§ | 0.16 | 0.18 





* Based on e = 7890 at A = 265 mu. 

Tt Based on ec = 8410 at A = 260 mu. 

t Based on 10 gm. of thymine per 100 gm. of DNA. 

§ Based on absorbancy for DNA, 1 mg. per ml. = 20.0 at \ = 
260 mu. 
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TaBLe II 
Compounds tested in fluorometric method for thymine 
The fluorescence intensity produced by 8 mumoles (1 ug.) of 
thymine was set at 100 (reading on fluorometer); all the values 
in the table below are compared to 100. Unless otherwise in- 
dicated 40 mymoles of each compound were used in the assay. 

















| Fiuo- | ‘ Fluo- 
Compound | rescence Compound rescence 
| - — 

Adenine sulfate...... | 1 | 5’-Deoxyuridylic 
Adenosine.............| 1 eo eerrerrerrerr, 6 
Deoxyadenosine....... 1 SUE 4.5.09 pie = 2 1 
/-Adenylie acid....... nn. ae 1 
5’-Adenylic acid...... .| 1 | Deoxyeytidine....... 1 
5’-Deoxyadenylic acid. 1 | Cytidylic acid....... 1 

BI. . 2 noce toiewak oon 1 | 5’-Deoxycytidylic 
Guanine HCl (satu- | eid sca bien ead 1 
MII 58 dexiiensas a 1 | I ss ceaetin ands 4 1 
Guanosine............ | 1 Xanthosine.......... 1 
Deoxyguanosine....... | 1 ft SR eee ee 9 
Guanylie acid......... © essere 1 
5’-Deoxyguanylic | Azathymine......... 1 
Sea eae Sein See 6 6-Mercaptopurine.... 1 
UN oo, re ty 1 | 5-Bromouracil....... 1 

Serer 3 | 5-Hydroxymethy] 
Deoxyuridine......... 8 cytosine........... 2 

Uridylic acid.......... 4 | 5-Methyleytosine (8 

myumoles).......... | 109 








5-Methyl cytosine fluoresced equally as well as thymine, 
whereas 5-hydroxymethyl cytosine or 5-bromouracil, which 
would not be expected to yield acetol on degradation, did not 
produce fluorescence (Table II). Other nucleic acid derivatives, 
including yeast ribonucleic acid, gave very low readings in the 
method (Table IT). 

Free glucose and ribose produce a high blank which is the 
same in the presence or absence of bromine water. Furfural, 
diacetyl, and formaldehyde have also been reported to couple 
with o-aminobenzaldehyde to give fluorescent products (8). 


Applications of Method 


Estimation of Purified DNA—Samples of DNA obtained 
from various sources were analyzed by the fluorometric method. 
The results illustrated in Table III indicate a general agreement 
between values obtained by the fluorometric method compared 
with values based on the phosphorus content or values based 
on the reaction of deoxyribose with diphenylamine. 

The DNA Content of Various Rabbit Organs—Tissues were 
treated in two ways in order to compare the fluorometric method 
with previously described procedures.” 

1. The insoluble particulate matter of homogenates of tissue 
was freed of lipide by extraction with ethanol and ether and 
treated with alkali for destruction of ribonucleic acid. DNA 
was precipitated with acid and extracted from the residue with 
hot TCA. Portions of the TCA extract were then analyzed for 
DNA content by four procedures based on (1) purine bound 
deoxyribose, (2) phosphate, (3) ultraviolet absorption of the 
bases, and (4) acetol released from the thymine component of 
DNA. 


2 The procedures used were modifications of methods described 
by Schmidt and Thannhauser (16), Schneider (17), Gulland 
etal. (18), and Logan, et al. (19). 
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TaB_e III 


A comparison of fluorometric, diphenylamine, and 
phosphate methods for estimating DNA 




















DNA content 
Source of DNA* 

Diphenylamine| Phosphate Fluorometric 
methodt methodt method 
ug./mil. ug./mi. ug./mil. 

Rabbit bone marrow I...... 310 336 300 
Rabbit bone marrow II..... 245 299 236 
Chicken bone marrow I..... 326 343 349 
Chicken bone marrow II.... 337 333 291 
Rabbit thymus I...... 315 309 305 
Rabbit thymus II....... 332 289 290 
Salmon sperm............... 385 405 431 
EE Ge entice ek debe es 113 196 201 
H. influenzae......... bine 102 | 123 








* DNA Fractions I and II of rabbit and chicken bone marrow 
and rabbit thymus were obtained by successive extraction of the 
tissues with sodium lauryl] sulfate (13). The salmon sperm DNA 
was a commercial sample. The DNA samples from T2 phage 
and Hemophilus influenzae were gifts from Dr. Arthur Kornberg. 
Each of the samples of DNA was dissolved and hydrolyzed by 
heating at 90° for 15 minutes in 5 per cent TCA. Calf thymus 
DNA, similarly treated, was used as the standard in all three 
methods. 

t Method as modified by Davidson and Waymouth (14). 

t To 150 ul. of a solution of DNA in 5 per cent TCA were added 
50 wl. of 10 Nn H-SO,-0.8 n HCIO,. The mixture was heated for 
2 hours at 95° and then for 4 hours at 165° (11). Phosphorus in 
the wet ashed sample was determined by the method of Gomori 
(15). 

§ To 5.14 wl. of 5 per cent TCA extract were added 5.14 ul. of 
0.01 m EDTA and 3.36 ul. of 0.25 saturated bromine water; 20 
minutes at room temperature. Then 19.89 wl. of reagent (5 vol- 
umes of 0.405 Nn NaOH in 0.01 mM EDTA plus 2 volumes of o-amino- 
benzaldehyde stock reagent) were added; mixture heated for 
20 minutes at 65°. The mixture was finally diluted with 1.0 ml. 
of 0.1 m K phosphate buffer, pH 6.9. Blanks were samples treated 
as above except that water was substituted for bromine water. 
The fluorescence produced was linear up to 4.0 ug. of DNA per 
tube. The blanks with DNA were higher than with thymine, 
presumably because of the fluorescence of guanine present in 
DNA. 


2. A homogenate of tissue in 0.9 per cent NaCl was directly 
analyzed by a micromodification of the fluorometric method for 
thymine without any further manipulation of the sample. 

The results collected in Table IV show that the fluorometric 
method gives values for DNA that are in general agreement 
with those obtained by other methods. The absolute content 
of DNA in various tissues has been a subject of controversy be- 
cause of the difficulty of applying any one method without modi- 
fication to any tissue (20). It is therefore somewhat surprising 
that the release of acetol from unfractionated whole homoge- 
nates of spleen, thymus, bone marrow, and lung can yield results 
that agree fairly well with values obtained by other more com- 
plex procedures. The direct procedure with unfractionated 
tissue yields high values with kidney, liver, and brain. 


DISCUSSION 


Since deoxyribose is a unique component of DNA, methods 
for estimating DNA in the presence of ribonucleic acid have 
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TABLE IV 
A comparison of methods used for determination of DNA 
content of various rabbit organs 


All values in table are based on wet weight tissue. 
| 























| DNA in 
DNA soluble in hot TCA* — 
genates 
Tissue 
Biewer |Disteert lnsentass| “ES; | Teer 
methodt | pethoat | method! jbeosption| mir 
mg./mg. mg./gm. mg./ gm. mg./gm. mg./gm. 
are oo 10.8 11.7 11.5 11.9 11.2 
10.2 10.5 10.6 10.8 
WENE....c0es. c8i8. 24.3 23.7 24.5 24.9 25.2 
25.6 25.0 25.6 26.8 
Bone marrow........| 6.58 6.38 6.38 6.55 6.20 
7.04 6.92 6.88 7.11 
Mig@eey: 0 .5.50.55%; 3.30 3.61 3.40 3.58 | 4.61 
3.34 3.66 3.38 3.56 
RO PME. 1.63 2.03 1.61 1.75 2.68 
1.58 1.78 1.52 1.69 
Cerebral hemi- 
MON iis. tas. 0.74 | 0.74 | 0.95 | 0.79 | 1.21 
0.70 0.70 0.84 0.82 
IAA I 5.31 5.84 5.46 5.56 5.45 
5.73 | 6.52 5.90 6.08 











*2 gm., wet weight, of rabbit tissue were homogenized in 20 
ml. of 0.9 per cent ice cold NaCl and then washed out of the ho- 
mogenizer with 15 ml. of isotonic saline. Two 15 ml. portions 
were taken as duplicate samples and treated alike thereafter. 
The insoluble matter was centrifuged, washed and resuspended 
in 20 ml. of isotonic saline, frozen at —15°, thawed, and again 
centrifuged and washed as above. The washed residue was ex- 
tracted with two 10 ml. portions of ethanol-ether (3:1) and two 10 
ml. portions of diethyl ether for the removal of lipide. Each 
sample was treated with 5 ml. of 1 m NaOH for 20 hours at 38°, 
chilled, and acidified with 5 ml. of 10 per cent TCA in 1 n HCl. 
The precipitate was washed with two 10 ml. portions of cold 5 
per cent TCA. The DNA was extracted from the residue by 
heating at 90° with two successive 5 ml. portions of 5 per cent 
TCA. The pooled TCA extracts were used for various methods. 
Purified calf thymus DNA (Worthington Biochemical Corpora- 
tion) dissolved in hot 5 per cent TCA was used as a standard for 
all methods. 

t See Table III. 

¢ Based on absorbancy at A = 265 my. 

§ Microassay: 3.36 ul. of whole tissue homogenate in 0.9 per 
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cent NaCl, and 0.79 ul. of a mixture consisting of 0.09 n HCI-0.007 
M EDTA-O0.25 saturated with bromine, were allowed to stand for 
20 minutes at room temperature. Then 1.05 wl. of reagent (2 
volumes of 2.6 nN NaOH plus 5 volumes of o-aminobenzaldehyde 
stock reagent) were added. The mixture was heated at 65° for 
20 minutes. Mixture was finally diluted with 51.5 wl. of 0.1 m K 
phosphate buffer, pH 6.9. Fluorescence was determined in a 
Farrand fluorometer fitted with an adaptor for very small tubes 
(11). 


been developed based on various color reactions of deoxyribose, 
such as with diphenylamine, cysteine and H.SO,, tryptophan 
and HClO,, indole and HCl, Schiff’s reagent or carbazole and 
H.SO, (21). A very sensitive fluorometric method which 
permits the measurement of as little as 2.4 mug. of DNA has 
recently been developed by Kissane and Robins (22); this 
method is based on the formation of a fluorescent quinaldine 
formed by the reaction of deoxyribose with 3 ,5-diaminobenzoic 
acid. 

Thymine, too, is a unique componentof DNA. The fluoromet- 
ric method for thymine described in this paper, when used for 
the estimation of DNA, provides a new, sensitive and inde- 
pendent measure of the DNA content of various tissues, viruses, 
and microorganisms. It should prove to be especially valuable 
in situations where the thymine content may vary depending 
on the source of the DNA. In degradation studies of DNA 
aimed at the determination of the exact sequence of bases in 
DNA, the fluorometric method for thymine should also be of 
value, by providing a direct estimation of thymine without the 
necessity of prior hydrolysis of various di-, tri-, and tetranucleo- 
tides. Since the formation of acetol requires the presence of a 
methyl group attached to carbon 5 of uracil or cytosine, the 
method should prove useful in the study of enzymatic reactions 
which lead to the introduction of the 5-methyl group. 


SUMMARY 


Thymine, 5-methyl cytosine, thymidine, thymidylic acid, 
and deoxyribonucleic acid can be determined fluorometrically by 
reacting acetol (an alkaline hydrolysis product of the 5-methyl 
pyrimidine ring common to all of these compounds) with o- 
aminobenzaldehyde to form strongly fluorescent 3-hydroxy- 
quinaldine. The new sensitive method has been used for the 
determination of the deoxyribonucleic acid content of various 
rabbit tissues. The thymine in as little as 50 mug. deoxyribonu- 
cleic acid in tissue homogenates can be measured. 
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Biosynthesis of Diphosphopyridine Nucleotide 


I. IDENTIFICATION OF INTERMEDIATES* 


Jack Preisst AND Pattie HANDLER 
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(Received for publication, April 1, 1958) 


The presence in yeast and animal cells of diphosphopyridine 
nucleotide pyrophosphorylase suggested that the reaction 
catalyzed by this enzyme may represent the final step in the 
biogenesis of diphosphopyridine nucleotide (DPN).! An enzyme 
capable of catalyzing the synthesis of nicotinamide mono- 
nucleotide (NMN) from nicotinamide was sought and found 
in human erythrocytes (1). However, the facts that this en- 
zyme exhibited a remarkably high K,, for nicotinamide, that 
erythrocytes exhibit only very low DPN-pyrophosphorylase 
activity (1, 2) and that erythrocytes are capable of synthesis of 
DPN at low concentrations of nicotinic acid but not of nicotin- 
amide (3, 4) suggested the existence of an alternate pathway for 
DPN synthesis. A preliminary report (5) described the ap- 
pearance, in erythrocytes incubated with nicotinic acid-C", of 
two presumed intermediates in DPN synthesis which were 
tentatively identified as nicotinic acid mononucleotide and 
nicotinic acid-adenine dinucleotide, the nicotinic acid analogues 
of NMN and DPN respectively. This report will present 
evidence for the structure of these intermediates and evidence 
for their participation in DPN synthesis in diverse biological 
systems. 


EXPERIMENTAL 


Materials—Crystalline ATP and DPN were obtained from the 
Pabst Laboratories and R5P from the Schwartz Laboratories, 
Inc. The R5P was obtained as the barium salt and converted 
to the sodium salt by treatment with NaSO, in dilute acid 
solution. Alcohol dehydrogenase was obtained from Worthing- 
ton Biochemicals Corporation. Nicotinic acid-7-C™ was ob- 
tained from the New England Nuclear Corporation and migrated 
on paper as a single spot in four different solvent systems. NMN 
was prepared by the procedure of Plaut and Plaut (6) using 
potato pyrophosphatase (7). Desamido-DPN was prepared by 
a modification of the procedure of Lamborg, et al. (8) (our 
thanks are due to Dr. N. O. Kaplan who graciously permitted 


* These studies were supported by Contract AT-(40-1)-289 be- 
tween Duke University, Durham, North Carolina, and the United 
States Atomic Energy Commission, Washington, D. C., and by 
Grant RG-91 from the National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland. 

7 Present address, Department of Microbiology, Washington 
University, St. Louis, Missouri. 

1 The abbreviations used are: NA, nicotinic acid; NAm, nico- 
tinamide; DPN, diphosphopyridine nucleotide; NMN, nicotina- 
mide mononucleotide; desamido-NMN, nicotinic acid mononu- 
cleotide; desamido-DPN, nicotinic acid-adenine dinucleotide; 
ATP, adenosine triphosphate; R5P, ribose-5-phosphate; NR, 
ribosyl nicotinamide; Tris, tris(hydroxymethyl)aminomethane. 


us to see this manuscript before publication and who also pro- 
vided a specimen of desamido-DPN prepared by this technique). 

Methods—The human erythrocytes used for experiments in 
vitro were collected from donors in syringes coated with silicone 
and defibrinated by shaking with glass beads. When the blood 
was to be used for preparation of acetone powder, it was ob- 
tained from the blood bank of Duke Hospital. Acetone powder 
of erythrocytes was prepared as previously described (1). DPN 
was assayed with alcohol dehydrogenase by the procedure of 
Racker (9). 

Paper chromatography by the descending technique was per- 
formed with several solvent systems: (A) 60 per cent propanol; 
(B) 0.1 m sodium phosphate, pH 6.8, 600 gm. of ammonium 
sulfate /liter, and 2 per cent propanol; (C) 7 parts of 95 per cent 
ethanol to 3 parts of 1 M ammonium acetate, adjusted to pH 
5.0 with HCl. The latter solvent system was quite satisfactory 
for the separation of NAm, NA, NR, NMN, DPN, and TPN 
from each other. Paper electrophoresis was performed with a 
Reco model E-800-2 apparatus. Purine and pyridine deriva- 
tives separated chromatographically were located on paper 
under ultraviolet light with either a black Raymaster RF-8 or 
Mineralite SL-2538 lamp. Nicotinamide nucleotides and nu- 
cleosides were distinguished from the nicotinic acid analogues 
and other base derivatives by development of fluorescent spots 
according to the procedure of Kodicek and Reddi (10). Radio- 
active spots on paper were counted with a Forro strip counter 
and recorded with an Esterline-Angus recorder. 

Demonstration of Intermediates in DPN Synthesis—In an 
effort to determine whether any previously unrecognized inter- 
mediates participate in DPN synthesis from nicotinic acid, 
NA-7-C™ was incubated with erythrocytes and the reaction 
mixture was examined for radioactive intermediates. It had 
previously been demonstrated that optimal synthesis of DPN 
from NA by the erythrocyte requires glucose, phosphate, and 
NH; or glutamine (4). Accordingly, 0.72 uwmoles of nicotinic 
acid-7-C™, exhibiting 4.8 x 10° c.p.m., were incubated with 
3.5 ml. of defibrinated erythrocytes, 20umoles of glutamine, 
22.5 mg. of glucose, and 50 uwmoles of phosphate, pH 7.4, in a 
total volume of 4.1 ml. Under these conditions 0.18 umoles of 
DPN were synthesized as indicated by the alcohol dehydrogenase 
assay. When 0.05 ml. aliquots of a perchloric acid filtrate were 
chromatographed with Solvent B three radioactive spots were 
detected, as shown in Fig. 1. 25 per cent of the radioactivity 
was in the spot corresponding to nicotinic acid. A second radio- 
active spot which traveled between NR and NMN, Compound 
I, contained 30 per cent of the total radioactivity while a third 
spot which traveled with DPN contained 36 per cent of the total 
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radioactivity. Although omission of glutamine reduced DPN 
synthesis by 70 per cent, this did not reduce radioactivity in the 
two presumed nucleotide spots nor did it alter the radioactivity 
pattern obtained in the chromatogram. The latter observation 
suggested strongly that the radioactivity, associated with what 
had been presumed to be a DPN spot, represented some nucleo- 
tide other than DPN, Compound II. Thus, the chromatograms 
revealed the presence of two nicotinic acid-containing nucleo- 
tides. 

Extracts of erythrocyte acetone powder fortified with ATP, 
R5P, and Mg++ were found incapable of synthesis of either 
NMN or DPN. However, as shown in Fig. 2, incubation of 
nicotinic acid-C“ with ATP and R5P with such extracts resulted 
in formation of two radioactive derivatives which traveled like 
Compounds I and II in Solvent B and slightly slower than 
NMN and DPN, respectively, when chromatographed in Solvent 
C. Particularly noteworthy is the fact that no free nicotin- 
amide-C™ was detected under these circumstances. 

Isolation of Intermediates—To obtain sufficient quantities of 
the intermediates to permit their identification, a relatively 
large incubation was performed containing 50 umoles of nicotinic 
acid-7-C™ (3.5 < 10’ c.p.m.), 300 wmoles of R5P, 50 wmoles of 
ATP, 750 umoles of MgCle, and 2250 umoles of phosphate at 
pH 7.4 with 75 ml. of 0.05 m Tris extract of erythrocyte acetone 
powder in a total volume of 150 ml. Incubation was conducted 
at 37° for 24 hours. The protein was precipitated with 20 ml. of 
70 per cent HClO, and removed by centrifugation at 10,000 
r.p.m. The supernatant fluid was then neutralized with 3.5 m 
KOH. Paper chromatography indicated that at this time 90 
per cent of the radioactive nicotinic acid had been converted to 
intermediates. The latter were adsorbed on 4 gm. of Norit A 
and removed therefrom by continuous stirring in 400 ml. of 10 
per cent aqueous isoamyl] alcohol mixture for 24 hours, in the 
cold. After removal of the alcohol and concentration to 30 
ml. by lyophilization, the remaining fluid was passed over an 
8 X 3.2 cm? column of Dowex 1-formate, 8 per cent cross-linked. 
The column was eluted with increasing concentrations of formic 
acid, as shown in Fig. 3. Aliquots of each 15 ml. fraction were 
assayed for absorbance at 260 my and for radioactivity. Ap- 
propriate fractions were then separately pooled and the formate 
removed by repetition of treatment with Norit A. The total 
yield of radioactive intermediates was 60 per cent of the starting 
nicotinic acid-7-C™. 

The material eluted in tubes 22 to 30 was a mixture of nicotinic 
acid and DPN and was not subjected to further study. The 
material in tubes 46 to 58 chromatographed as Compound I 
while that in tubes 63 to 69 chromatographed as Compound II. 
Aliquots of each of these fractions were then assayed for the 
nicotinic acid content by its radioactivity, ribose by the method 
of Mejbaum (11), phosphate by the procedure of Fiske and 
SubbaRow (12), and adenosine with the Takamine-diastase 
procedure of Colowick et al. (13). The results of these deter- 
minations, expressed as molar ratios, are shown in Table I. 
In computing these it was assumed that the initial concentration 
of nonradioactive nucleotide intermediates in the erythrocyte 
acetone powder was neglibible. The ratios obtained are those 
expected for ribosyl-nicotinic acid, nicotinic acid mononucleo- 
tide, and nicotinic acid-adenine dinucleotide respectively. 
More than 90 per cent of the pentose of these fractions was 
aldopentose as determined by the modified phloroglucinol 
procedure of Dische (14). Paper chromatography of Compound 
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Fic. 1. Radioactivity distribution of chromatogram of prod- 
ucts of incubation of nicotinic acid-7-C with human erythro- 
cytes. The spots shown at the base of the diagram represent the 
behavior of reference compounds in Solvent B. Nicotinic acid 
and nicotinamide yielded quench spots, the other compounds gave 
fluorescent spots with the reagents of Kodicek and Reddi (10). 














Fic. 2. Radioactivity distribution of chromatogram of prod- 
ucts of incubation of nicotinic acid-7-C™ with extract of an 
acetone powder of human erythrocytes. The spots shown at the 
base of the diagram represent the behavior of reference com- 
pounds. The incubation mixture contained 0.85 umoles of nico- 
tinic acid-7-C" (6 X 10° c.p.m.), 2 umoles of R5P, 0.5 wmoles of 
ATP, 5 umoles of MgCle, 15 umoles of phosphate, pH 7.4, and 
0.5 ml. of extract of acetone powdered erythrocytes in a total 
of 1.0 ml. Incubation was performed for 22 hours at 37°. The 
mixture was deproteinized with HClO,, neutralized with KOH, 
and 0.020 ml. was spotted for chromatography. 


I with each of the 3 solvents showed only one quench and no 
fluorescent spot under ultraviolet light. The radioactivity 
migrated coincidental with the material which quenched fluores- 
cence. Upon paper electrophoresis, at pH 3.5 and 7.4, the 
radioactivity moved to the anode more rapidly than did NMN, 
as would be expected for nicotinic acid mononucleotide. Since 
this compound is formed from nicotinic acid in the presence of 
PRPP and a purified enzyme from erythrocytes (15) it is pre- 
sumed to be nicotinic acid mononucleotide (desamido-NMN). 
The material in Fraction 63 to 69, Compound II, showed a 
homogeneous quench spot coinciding with radioactivity in three 
solvent systems and contained 0.85 umoles of an adenosine 
compound per umole of nicotinic acid; DPN behaves similarly. 
However, the rate of deamination of the adenosine of Compound 
II by Takamine-diastase was 50 per cent of that observed with 
DPN when compared at the same concentration and was similar 
to that observed with a sample of nicotinic acid-adenine di- 
nucleotide prepared by the method of Lamborg et al. (8). Upon 
paper electrophoresis at pH 7.4 and 3.5, it traveled to the anode 
more rapidly than did DPN and at the same rate as nicotinic 
acid-adenine dinucleotide prepared by the method of Lamborg 
(8). Compound II and synthetic desamido-DPN were con- 
verted to DPN at the same rate by purified enzymes obtained 
from baker’s yeast and from rat liver (15). Finally, Compound 
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TABLE I 


Molar ratios of components of nicotinic acid nucleotides 











Column fraction em a Ribose {Phosphate |Adenosine 
Tubes 2-7 1 1.37 0.0 
Tubes 46-58 (Compound I) 1 1.15 1.01 0.0 
Tubes 63-69 (Compound IT) 1 2.06 1.91 0.85 





II and synthetic desamido-DPN, as well as Compound I, were 
inactive with alcohol dehydrogenase. Thus, chemical and 
enzymatic properties of Compound II indicate it to be nicotinic 
acid-adenine dinucleotide (desamido-DPN). 

Fig. 4 shows the absorption spectra of desamido-DPN and 
desamido-NMN and the results of treatment with 1 m NaCN. 
Desamido-NMN exhibits a sharp maximum at 266 my which is 
displaced by a broad maximum at 315 my upon treatment with 
cyanide. The absorption maximum of desamido-DPN at 260 
my diminishes in intensity upon treatment with cyanide and 
there appears a broad maximum with a peak at 315 my reminis- 
cent of the effect of cyanide on the absorption spectrum of 
DPN (13). Whereas the reaction of DPN with cyanide is 
more than 90 per cent complete within 15 seconds, 5 to 7 min- 
utes are required for completion of the cyanide reaction with 
desamido-NMN and desamido-DPN. Lamborg et al. (8) have 
also observed appearance of an absorption maximum at 315 
my upon treatment of desamido-DPN with cyanide. The e€ at 
315 my for the cyanide addition compounds were found to be 
4.0 for desamido-DPN and 4.4 for desamido-NMN. Lamborg 
et al. reported a value of 3.7 for cyanide-desamido-DPN. 

Hydrolysis of Nicotinic Acid Mono- and Dinucleotides—Studies 
of the hydrolysis of Compounds I and II in alkali and acid 
supported the conclusions that these were desamido-NMN and 
desamido-DPN respectively. Identification of the products of 
hydrolysis was facilitated by the fact that nicotinic acid nucleo- 
tides do not fluoresce under ultraviolet light nor do they react 
with acetone and alkali to yield a fluorescent material under the 
conditions of Levitas et al. (16), whereas they do quench ultra- 


violet light on paper. Adenine nucleotides similarly do not 
fluoresce but quench ultraviolet light whereas nicotinamide 
nucleotides markedly fluoresce on paper chromatograms after 
treatment by the method of Kodicek and Reddi (10). Table IT 
compares the qualitative results obtained upon hydrolysis of 
Compounds I and II with those obtained upon hydrolysis 
of DPN. Hydrolysis of DPN and of Compound II in 0.1 m 
NaOH at 100° for 10 minutes completely destroyed the py- 
ridintum linkage. Both yielded AMP and ADPPR but, 
whereas DPN yielded nicotinamide, desamido-DPN gave rise 
to nicotinic acid. Upon hydrolysis at 0.1 m HCl at 100° for 
10 minutes DPN yielded NMN together with nicotinamide 
and some adenine whereas Compound II yielded a spot which 
traveled identically with Compound I as well as nicotinic acid. 

These hydrolyses were also followed by observing the effects 
of cyanide upon optical density at 315 my. Alkaline and acid 
hydrolyses of Compound II resulted in losses of 100 per cent and 
43 per cent of the cyanide-reactive material, respectively. These 
compare favorably with 90 per cent and 35 per cent reported by 
Lamborg et al, (8) for synthetic desamido-DPN. 

After alkaline hydrolysis of Compound I the only material 
apparent on paper chromatography was nicotinic acid both by 
radioactivity and ultraviolet quenching. Acid hydrolysis re- 
sulted in only partial disappearance of Compound II and the 
appearance of nicotinic acid on the chromatograms. Thus, like 
DPN and desamido-DPN, Compound I appears to be alkali- 
labile but relatively stable in acid, substantiating the suggestion 
that Compound I is desamido-NMN. 

DPN Synthesis in Vivo—Identification of desamido-NMN 
and desamido-DPN as intermediates in DPN synthesis in the 
human erythrocyte suggested that DPN synthesis from nicotinic 
acid proceeds by a pathway which does not require participation 
of free nicotinamide. This hypothesis appeared attractive 
since repeated attempts in this laboratory and others (25) had 
failed to demonstrate an enzyme capable of catalyzing synthesis 
of nicotinamide from nicotinic acid in the presence of ATP and 
ammonia or glutamine and other possible nitrogen donors. It 
appeared desirable, therefore, to determine whether such a 
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TaB_e II 
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1.2504 * The figures in parentheses represent the percentage of origi- 
s nal radioactivity of Compounds I and II, containing Na-7-C", 
2 found in the hydrolytic product. 
wy 1.0004 +t ADPPR and AMP travel at the same rate as DPN and NMN, 
respectively, inSolventC. Therefore, they could not be detected 
q as quench spots in these chromatograms because of the fluo- 
Oo rescence of the pyridine nucleotides. 
& 
° TaBLe III 
Distribution of radioactivity in rat liver after administration 
of nicotinic acid-7-C'* 
Figures shown are percentage of total counts in the liver at 
-000- each time. 
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Fig. 4. Effect of cyanide upon the absorption spectra of Com- = | pal sel en See os 
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I, €o5 and €35 were 4.4; for Compound II, e%9 =15.5 and ex; = 120 0 0 | 11 81 4 9.2 
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pathway is, indeed, operative in vivo. To this end 10 ymoles of 
nicotinic acid-7-C“ (4.8 x 10’ ¢.p.m.) was injected by the 
technique of Everett and Sawyer (17)? into the saphenous vein 
of each of several male rats weighing 225 to 275 gm. After 3, 
6, 10, and 15 minutes the rats were decapitated and the livers 
excised as rapidly as possible, frozen in a dry ice-acetone mix- 
ture, and stored at —12°. The frozen livers were pulverized 
and perchloric acid extracts were made at 0°. After removal of 
the protein, filtrates were neutralized with KOH and KCIO, 
removed by centrifugation. Radioactive nucleotides were then 
concentrated by adsorption on Norit A and elution with isoamyl 
alcohol and lyophilization, as previously described. The solid 
residue from each liver was dissolved in 2.5 ml. of H,O and the 
radioactive components of 0.10 ml. aliquots separated by paper 
electrophoresis in 0.05 m phosphate, pH 6.8, at 600 volts on a 


2 Our thanks are due to Dr. William Knisely for his assistance 
with this procedure. 


20 cm. paper strip for 2.5 to 3.5 hours. Aliquots were also 
subjected to paper chromatography in Solvent C. 

As shown in Table III, 3 minutes after injection only two 
radioactive peaks could be discerned, corresponding to desamido- 
DPN and nicotinic acid, respectively. At 6 minutes DPN 
appeared and the amount of DPN progressively increased there- 
after. Small amounts of desamido-NMN were apparent at 10 
and 15 min. At no time was radioactive NMN detected. A 
trace of free nicotinamide-C™ was seen only in livers removed 
2 hours after nicotinic acid-7-C“ administration. These data 
strongly suggest that, in the rat liver, DPN is synthesized from 
nicotinic acid via desamido-NMN and desamido-DPN. 


DISCUSSION 


The present studies appear to have demonstrated that nicotinic 
acid is converted to nicotinic acid mono- and dinucleotides upon 
incubation with human erythrocytes and in the rat liver in vivo 
and indicate further that these compounds are intermediate in 
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the synthesis of DPN from nicotinic acid. Since it is nicotinic 
acid, rather than nicotinamide, which arises metabolically from 
tryptophan, the possibility should be considered that this is an 
operative pathway for the synthesis of DPN in many species 
and there are suggestions that this may, indeed, be the case. 
Thus, yeast autolysates, incapable of synthesis of DPN from 
nicotinamide, have been found to synthesize DPN from nicotinic 
acid (15). Desamido-DPN has been found in Penicillium 
chrysogenum (18). It has been observed that Lactobacillus 
arabinosus 17-5, deficient in nicotinic acid and nicotinamide, 
rapidly synthesized DPN from either of these substances. 
However, the cell suspensions were observed to deamidate 
nicotinamide to nicotinic acid so rapidly that synthesis of DPN 
from the nicotinamide appeared unlikely (19). Thus, DPN 
synthesis in these diverse biological systems appears to proceed 
from nicotinic acid by way of the nicotinic acid mono- and 
dinucleotides, rather than via free nicotinamide. 

The data further suggest that nicotinamide originates in 
biological systems by the action of DPNase on DPN (20) and 
perhaps from the degradation of NMN formed by the action of 
DPN-pyrophosphorylase upon DPN. Such a sequence would 
explain the findings of Porcellati (21) which indicated that 
nicotinic acid may be converted to nicotinamide by broken cell 
suspensions of rat liver. It is not clear whether nicotinamide 
may, physiologically, be re-utilized for DPN synthesis or whether, 
once formed, it is either removed by methylation or hydrolyzed 
to nicotinic acid. In contrast to the apparently wide distribu- 
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tion of systems for forming nicotinic acid mononucleotide, NMN- 
pyrophosphorylase appears to be relatively restricted in dis- 
tribution and the K,, for this enzyme, as isolated from human 
erythrocytes, would appear to preclude effective synthesis of 
NMN under physiological conditions. Data obtained in the lab- 
oratory of Dr. N. O. Kaplan (22) indicate that nicotinamide- 
C™ administered to mice gives rise to desamido-DPN-C" 
within 30 minutes, suggesting that nicotinamide is hydrolyzed to 
nicotinic acid before it is available for DPN synthesis. 

These findings appear to resolve the paradox created by the 
observation that nicotinic acid, given orally to human subjects, 
results in a significant rise in the pyridine nucleotide content of 
erythrocytes, whereas nicotinamide in equivalent dosage is with- 
out effect (3, 23). 


SUMMARY 


Incubation of nicotinic acid-C with human erythrocytes and 
with acetone powder prepared from human erythrocytes results 
in synthesis of two radioactive nucleotides which have been 
identified as nicotinic acid mononucleotide and nicotinic acid- 
adenine dinucleotide, respectively. After administration of 
nicotinic acid-C™ to the rat, nicotinic acid-adenine dinucleotide 
is formed before diphosphopyridine nucleotide-C™. It is con- 
cluded that diphosphopyridine nucleotide synthesis from nico- 
tinic acid proceeds by consecutive formation of nicotinic acid 
mononucleotide and nicotinic acid-adenine dinucleotide followed 
by amidation of the latter to DPN. 
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Biosynthesis of Diphosphopyridine Nucleotide 
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In the previous paper it was demonstrated that nicotinic acid- 
7-C™ is converted by human erythrocytes and rat liver to nico- 
tinic acid mononucleotide and nicotinic acid-adenine dinucleotide 
(1). Evidence was also adduced that these two nucleotides are 
intermediate in the synthesis of diphosphopyridine nucleotide 
(DPN') from nicotinic acid. The present report will describe 
preliminary studies of the three enzymes required to accomplish 
synthesis of DPN from nicotinic acid as well as some data indi- 
cating the biological distribution of these enzymes. 


EXPERIMENTAL 


Materials—ADP, CTP, DPN, AP-DPN, DPNH, and crystal- 
line ATP were obtained from the Pabst Laboratories, GTP, ITP, 
and UTP from the Sigma Chemical Company, and GSH, R5P, 
and AMP from Schwartz Laboratories, Inc. R5P was obtained 
as the barium salt and converted to the sodium salt with Na.SO, 
in dilute acid solution. Lactic dehydrogenase and alcohol de- 
hydrogenase were obtained from Worthington Biochemicals, Inc 
Glutamic dehydrogenase was purchased from Nutritional Bio- 
chemicals Corporation. Before using the glutamic dehydro- 
genase, a 1:10 aqueous dilution of the ammonium sulfate paste 
was dialyzed against 0.05 m phosphate, pH 7.6, for 1 to 2 hours. 
Nicotinic acid-7-C" was obtained from the New England Nuclear 
Corporation and yielded a single spot in 4 chromatographic sol- 
vents. PRPP was prepared by the method of Kornberg et al. 
(2). The incubation system containing enzymatically formed 
PRPP was mixed with 1.8 gm. of Norit A per 100 ml. After a 
few minutes the suspension was filtered through Whatman No. 3 
filter paper onto a Buchner funnel. The charcoal was washed 
with 10 to 20 ml. of HO. Washings and filtrate were combined 
to yield a PRPP preparation free of adenine nucleotides. This 


* These studies were supported by Contract AT-(40-1)-289 be- 
tween Duke University and the United States Atomic Energy 
Commission and by Grant RG-91 from the National Institutes of 
Health. 

+ Present address, Department of Microbiology, Washington 
University, St. Louis, Missouri. 

1 The abbreviations used are: NA, nicotinic acid; NAm, nico- 
tinamide; P;, inorganic orthophosphate; PP;, inorganic pyrophos- 
phate; DPN, diphosphopyridine nucleotide; DPNH, dihydrodi- 
phosphopyridine nucleotide; AP-DPN, acetylpyridine analogue of 
DPN;; desamido-DPN, nicotinic acid-adenine dinucleotide; NMN, 
nicotinamide mononucleotide; desamido-NMN, nicotinic acid 
mononucleotide; ATP, UTP, CTP, GTP, and ITP, adenosine, 
uridine, cytidine, guanosine, and inosine triphosphates respec- 
tively; ADP, adenosine diphosphate; AMP, adenylic acid; R5P, 
ribose 5-phosphate; PRPP, 5-phosphoribose 1-pyrophosphate 
GSH, glutathione; Tris, tris(hydroxymethyl)aminomethane. 


preparation was used as the source of PRPP in the present ex- 
periments. NMN was prepared by the procedure of Plaut and 
Plaut (3) using potato pyrophosphatase (4). Nicotinic acid 
adenine dinucleotide was prepared by a modification of the pro- 
cedure of Lamborg et al. (5) in which the ethyl nicotinate ana- 
logue of DPN is hydrolyzed on a Dowex-1 column. 

Methods—Human erythrocytes which were to be used directly 
for experiments in vitro were collected in syringes coated with 
silicone and defibrinated by shaking with glass beads. Erythro- 
cytes which were used for the preparation of acetone powders 
were derived from pooled blood from the blood bank of Duke 
Hospital. Acetone powders were prepared as previously de- 
scribed (6). DPN was assayed with alcohol dehydrogenase es- 
sentially by Racker’s procedure (7). NMN was determined by 
conversion to DPN with DPN-pyrophosphorylase (8) and caleu- 
lated as the increment in DPN due to addition of this enzyme. 
Hemoglobin was assayed by the procedure of Wong (9) and total 
protein according to Warburg and Christian (10). Yeast pro- 
tein was measured by a turbidimetric method (11). PRPP was 
assayed at 295 my with orotic acid pyrophosphorylase (2). 
Aqueous cyanide addition reactions were performed according 
to the method of Colowick et al. (12). Paper chromatography 
and paper electrophoresis were performed as previously described 
(1). Nicotinamide nucleotides were distinguished from their 
nicotinic acid analogues and other base derivatives by develop- 
ment of fluorescence on paper chromatograms with the reagents 
of Kodicek and Reddi (13). Radioactivity of chromatograms 
was assayed with a Forro strip counter obtained from the Volk 
Radio Chemical Company and recorded on an Esterline-Angus 
recorder. 

Synthesis of Nicotinic Acid Mononucleotide—Whereas incuba- 
tion of nicotinic acid with intact erythrocytes permits appreciable 
synthesis of DPN (14), extracts of acetone powdered erythro- 
cytes have been found to accumulate desamido-NMN and 
desamido-DPN (1, 15), but fail to catalyze conversion of the lat- 
ter to DPN. Occasional preparations of erythrocyte acetone 
powder from blood which had been stored in the blood bank for 
more than 3 weeks also failed to catalyze formation of desamido- 
DPN while retaining the ability to synthesize desamido-NMN. 
Such a preparation was employed to demonstrate the require- 
ments for the synthesis of desamido-NMN. Table I shows that, 
when incubated with nicotinic acid, Mg++, R5P, and P; were 
required for synthesis of desamido-NMN, analogous to the situa- 
tion previously observed in studies of the synthesis of NMN by 
erythrocyte preparations (6). Addition of hypoxanthine to the 
incubations resulted in 45 per cent inhibition of desamido-NMN 
synthesis, suggesting that, in the presence of P;, ATP plus R5P 
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TABLE [ 
Synthesis of nicotinic acid mononucleotide 


The complete incubation mixture contained 0.37 umoles NA-C'* 
(6 X 10° c.p.m.), 5 umoles MgCl:, 20 uymoles phosphate, pH 7.4, 
and 0.5 ml. extract of acetone powdered human erythrocytes in a 
total volume of 1.0 ml. and was maintained at 37° for 5 hours. 
Where indicated, additions included 2 uymoles R5P, 0.33 uwmoles 
PRPP, 15 umoles Tris, 20 umoles NaF and 0.4 wmoles hypoxan- 
thine. Desamido-NMN was estimated from the radioactivity of 
the appropriate spot when an aliquot was subjected to paper 
chromatography in Solvent C (1). 

















Additions | Omissions SS 

pmoles 
| SEA oe aes Seer None 0.048 
ee ee, Bhew oe None 0.115 
8 wacibas ool we None 0.107 
te. iki a Mea baisOd ob Mg** 0.00 
Eres rer ae Mgt*tt 0.004 
. Sy ae eee P; 0.037 
Hypoxanthine, R5P...... None 0.067 
EN pee None 0.037 
yg Oh) None 0.089 
BD os 8 ecb ve ¢ 52 9% None 0.044 

TABLE II 


Enzymatic synthesis of nicotinic acid mono- and dinucleotides 

The standard incubation mixture contained 0.37 wmoles NA-C' 
(6 X 10° c.p.m.), 5 ymoles MgCl2, 20 umoles phosphate, pH 7.4, 
and 0.5 ml. purified erythrocyte enzyme preparation. Where 
indicated, 2 umoles R5P, 1 wymole ATP and 0.47 ymoles PRPP 
were included. A total volume of 1.0 ml. was incubated for 6 
hours at 37°. Protein was removed by heat denaturation and 
0.02 ml. of filtrate was chromatographed in Solvent C (1). Des- 
amido-NMN and desamido-DPN were estimated from the radio- 
activity of appropriate spots on the chromatograms. 




















Additions Desamido-NMN Desamido-DPN 
ait umoles pmoles 
NE hy oiad Hoan Onde oe nae 0.00 0.00 
SMO AN; , co. oa. ss 0.16 0.21 
RP Co, kk este ees 0.26 0.00 
yy og ey ge re 0.14 0.14 
TaB_e III 


Differentiation of NMN and desamido-NMN synthesis 

For desamido-NMN synthesis the incubation mixture con- 
tained 0.37 umoles NA-C' (6 X 10° c.p.m.), 0.33 wmoles PRPP, 5 
umoles MgClo, 20 wmoles Pj, pH 7.4. For NMN synthesis, 165 
umoles, NAm were added in place of the NA. 0.5 ml. of the indi- 
cated enzyme preparation was included in a total volume of 1.0 ml. 
which was incubated at 37° for 6 hours. Desamido-NMN was 
measured as in Table II. 














Enzyme preparation Desamido-NMN NMN 

i : ee sa pmoles Neh porn 

Extract of acetone powder........ 0.096 0.096 

Extract preheated at 70° 0.086 
ING ei ary! oac8 0d 076, 6k Woe ely os 0.00 

0-0.4 AmSO, fraction............. 0.21 0.085 

0.4-0.48 AmSO, fraction.......... 0.015 0.075 
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served as a PRPP generator and that the latter participates in 
the reaction with nicotinic acid to form desamido-NMN. In- 
hibition by hypoxanthine would then result from competition 
with nicotinic acid for PRPP; it had previously been demon- 
strated that such extracts readily form IMP from hypoxanthine 
and PRPP (6). In accord with the reaction proposed above 
were the findings when NaF was included in the incubation mix- 
tures. PRPP synthesis from R5P and ATP was inhibited 70 per 
cent by the presence of 0.02 m NaF; as shown in Table I, at the 
same concentration fluoride inhibited synthesis of desamido- 
NMN by 62 per cent when R5P was the donor and only 24 per 
cent when PRPP was the donor. 

Partial purification of the enzyme responsible for desamido- 
NMN synthesis was obtained with an erythrocyte acetone pow- 
der initially capable of synthesis of both desamido-NMN and 
desamido-DPN. 20 gm. of erythrocyte acetone powder was ex- 
tracted with 100 ml. of 0.05 m Tris, pH 7.4, for 20 minutes. The 
extract was centrifuged at 10,000 r.p.m. in a Lourdes model AB 
centrifuge. To 84 ml. of the supernatant fluid was added 23 
gm. of ammonium sulfate (0.4 saturation). The precipitate was 
removed by centrifugation and redissolved in 27 ml. of Tris 
buffer. To the supernatant fluid was added an additional 5 gm. 
ammonium sulfate (0.4 to 0.48 fraction) and the precipitate re- 
dissolved in 0.05 m Tris, pH 7.4, in a total volume of 50 ml. It 
should be noted that large quantities of hemoglobin are present 
in this fraction. Each fraction was then dialyzed against 21 
liters of 0.025 m Tris, pH 7.4, for 3 to 4 hours. 22 ml. of the 0 
to 0.4 fraction was stirred with 356 mg. of alumina Cy for 10 
minutes and then centrifuged for 10 minutes at 5000 r.p.m. 
The gel was then eluted with 25 ml. of 0.01 m phosphate, pH 7.4, 
for 10 minutes and centrifugation repeated. Both the 0.1 m 
phosphate eluate and the supernatant fluid from the original gel 
treatment were combined and solid ammonium sulfate added to 
0.4 saturation. The precipitate was redissolved in a minimal 
volume of 0.025 m Tris, dialyzed against this solvent for 2 hours 
and diluted to 16 ml. with 0.025 m Tris, pH 7.4. This prepara- 
tion contained 6.3 mg. of hemoglobin. The ratio of absorbance 
at 280 and 260 my indicated the presence of an additional 27 mg. 
per ml. of protein. With respect to hemoglobin, therefore, the 
enzyme was 24-fold purified; 26 per cent of the original enzy- 
matic activity was recovered. 

Table II illustrates the requirements for pyridine nucleotide 
synthesis with the partially purified enzyme. When nicotinic 
acid was incubated with R5P alone, no radioactive spot was found 
on the chromatograms other than that caused by the nicotinic 
acid. After incubation of nicotinic acid with PRPP, again only 
one spot was detected on the chromatograms and this was identi- 
fied as desamido-NMN. Inclusion of ATP in such incubation 
mixtures resulted in the appearance of an additional spot at the 
location expected for desamido-DPN. Thus, the results shown 
in Table II are in accord with the view that nicotinic acid plus 
PRPP yield desamido-NMN which may react with ATP to yield 
desamido-DPN. No attempt was made to determine with this 
relatively crude enzyme preparation the stoichiometry of the re- 
action in which desamido-NMN is formed. However, it appears 
reasonable to assume that the reaction is analogous to other in- 
stances of nucleotide formation involving PRPP and that PP; is 
the other reaction product. 

Table III shows that desamido-NMN synthesis occurred solely 
in the partially purified enzyme derived from the 0 to 0.4 am- 
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monium sulfate fraction whereas NMN synthesis occurred 
equally well with this preparation and that derived from the 
0.4 to 0.48 ammonium sulfate fraction. Maintenance of the 
original acetone powder extract at 70° for 5 minutes completely 
abolished ability to catalyze desamido-NMN synthesis whereas 
it was without appreciable effect on the rate of NMN synthesis. 
These findings indicate that synthesis of desamido-NMN is ac- 
complished by an enzyme entirely distinct from that responsible 
for NMN synthesis. No attempt was made to establish K,, for 
nicotinic acid in this system. However, it appeared to be sat- 
urated at the lowest levels of substrate employed in these studies 
(0.00037 m) in contrast to the previously observed K,, of 0.1 m 
for nicotinamide in NMN synthesis (6). 

DPN Synthesis in Yeast Autolysates—When incubated with 
nicotinic acid, PRPP, Mg++, ATP, and glutamine, dialyzed yeast 
autolysates (5 hours at 37° in 0.1 m KHCO;) showed a small in- 
crement in DPN concentration, e.g. 0.015 to 0.05 umoles/1.2 ml. 
If either PRPP, Mg**, nicotinic acid, ATP, or glutamine were 
omitted this synthesis was not evident. Particularly noteworthy 
was the fact that nicotinic acid could not be replaced by nicotin- 
amide, suggesting that formation of DPN with this preparation 
occurred via the two intermediates observed in human erythro- 
cytes. Accordingly, the appearance of each of these interme- 
diates was followed during the course of a suitable incubation 
with nicotinic acid-7-C". Desamido-NMN and desamido-DPN 
were assayed by the radioactivity of appropriate spots after 
paper electrophoresis and paper chromatography. The results 
are shown in Fig. 1. Glutamine was not required for these syn- 
theses and R5dP did not effectively replace PRPP for the synthe- 
sis of desamido-NMN which appeared to require both PRPP 
and ATP. 

Yeast autolysate was treated with ammonium sulfate to ob- 
tain fractions at 0 to 0.4, 0.4 to 0.65, and 0.65 to 0.8 saturation. 
Desamido-NMN pyrophosphorylase was found only in the 0.4 
to 0.65 fraction. Optimal synthesis required presence of nico- 
tinic acid, Mg++, PRPP, and ATP. Omission of the latter, even 
in the presence of PRPP, resulted in complete failure of syn- 
thesis. The role of ATP in this system is presently obscure but 
these findings do not necessarily indicate that the mechanism of 
desamido-NMN synthesis from nicotinic acid in yeast differs 
from that observed in erythrocytes. When both 0 to 0.4 and 
0.4 to 0.65 fractions were combined, about 60 per cent of the 
synthesized radioactive nucleotide proved to be desamido-DPN, 
indicating the presence, in the 0 to 0.4 fraction, of the enzyme 
responsible for the conversion of desamido-NMN to desamido- 
DPN. Desamido-NMN-C", prepared with erythrocyte ace- 
tone powder, was converted to desamido-DPN-C"™ when incu- 
bated with ATP and Mg** in the presence of the 0 to 0.4 frac- 
tion. This fraction was also shown to contain all of the known 
DPN-pyrophosphorylase. 

Enzymatic Synthesis of Nicotinic Acid-Adenine Dinucleotide— 
Addition to the 0.4 to 0.65 ammonium sulfate fraction of yeast 
autolysate, described above, of a crude preparation of DPN-py- 
rophosphorylase (0.3 to 0.45 saturation with (NH,)oSO, of an 
extract of acetone powdered hog liver) resulted in accumulation 
of desamido-DPN in the presence of nicotinic acid-7-C", ATP, 
PRPP, and Mg++. It appeared reasonable therefore to pre- 
pare purified DPN-pyrophosphorylase by the procedure of Korn- 
berg (8) and compare the DPN-pyrophosphorylase and des- 
amido-DPN pyrophosphorylase activity of each fraction. The 
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Fic. 1. Synthesis of nicotinic acid mono- and dinucleotides by 
dialyzed yeast autolysate. The incubation mixture contained 
0.56 umoles NA-C"™ (6 X 105 ¢.p.m.), 0.58 umoles PRPP, 2.0 umoles 
ATP, 20 umoles Pi, pH 7.4, 5 umoles MgCle, 20 umoles NaF, and 
0.4 ml. yeast autolysate in a total volume of 1.25 ml. 


TaBLe IV 


Nicotinic acid-adenine dinucleotide pyrophosphorylase activity 
of diphosphopyridine nucleotide pyrophosphorylase 

Synthesis of desamido-DPN was estimated after incubation of 
0.2 umoles desamido-NMN-C" (1.38 X 10° ¢.p.m.), 1 umole ATP, 
15 umoles Tris, 5 umoles MgCl, and a variable amount of enzyme 
fraction in a total volume of 0.5 ml. at 37° for 20 minutes. For 
DPN synthesis all components were identical except that 1 umole 
of NMN was employed. The enzyme fractions shown are those 
described by Kornberg (8). 











Enzyme fraction | Desamido-DPN | DPN 
| pumoles pumoles 
Initial extract............ 0.081 0.086 
Ammonium sulfate frac- | 
tions | | 
0-0.3 saturation........ | 0.01 0.007 
0.3-0.45 saturation. ...| 0.086 | 0.070 
0.45-0.65 saturation... .| 0.00 | 0.00 
Calcium phosphate gel | | 
treatment 
Supernatant fluid....... 0.06 0.057 
0.02 m P; eluate, pH 7.) 0.016 0.009 
0.5 m K:HPO, eluate. ..| 0.099 | 0.098 





former was followed by measuring the synthesis of DPN from 
NMN and ATP; DPN was assayed with alcohol dehydrogenase 
(7). Desamido-DPN pyrophosphorylase activity was assayed 
by estimating the yield of desamido-DPN-C" in the presence of 
ATP and desamido-NMN-C" prepared with extract of erythro- 
cyte acetone powder (1). Desamido-DPN-C"“ was measured 
as the radioactivity of the appropriate spot on paper chromato- 
grams with Solvent C. As shown in Table IV the two enzy- 
matic activities were closely associated throughout the fractiona- 
tion procedure. Thus, it appears that, in hog liver, the reaction 


desamido-NMN + ATP = desamido-DPN + PP; 
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is catalyzed by the enzyme previously described for the equiv- 
alent reaction involving NMN and DPN. Synthesis of des- 
amido-DPN was entirely dependent upon the presence of ATP 
and Mg++. At equimolar concentrations, desamido-DPN 
synthesis was somewhat more rapid than thatof DPN. Prelimi- 
nary studies indicate that the equilibrium constant for desamido- 
DPN synthesis is approximately 0.6 at pH 7.4. For the syn- 
thesis of DPN, Kornberg obtained a value of 0.45 (8) with the 
purified enzyme prepared from yeast or liver. 

The reverse reaction, pyrophosphorolysis of desamido-DPN 
was demonstrated with the most highly purified preparation of 
the hog liver enzyme. Thus, when 0.185 umoles of desamido- 
DPN-C*™ (1.16 x 10° ¢.p.m.) were incubated with 1 umole of 
PPi, 15 umoles of Tris, pH 7.4, and 5 umoles of MgCl. with 0.03 
ml. of enzyme in a total of 0.5 ml., for 20 minutes, the final solution 
contained 0.072 umoles of desamido-NMN-C" and 0.11 umoles 
of desamido-DPN remained. Omission of PP; abolished this 
effect; omission of Mg++ permitted formation of 0.017 umoles of 
desamido-NMN-C". 

Purification of DPN Synthetase—Partial purification of the 
enzyme responsible for synthesis of DPN from desamido-DPN 
was effected by the following procedure. 60 gm. of Fleischmann 
20-40 yeast was autolyzed for 5 hours, at 37° in 180 ml. of 0.1 
mM KHCO;. The autolysate was centrifuged at 10,000 r.p.m. 
in a Lourdes model AB centrifuge and the supernatant fluid re- 
tained. The insoluble residue was washed with 180 ml. of cold 
0.1 m KHCO;. Washings and the supernatant fluid were com- 
bined and dialyzed for 4 hours against 4.5 ml. of 0.025 m Tris, 
pH 7.4, containing 0.001 m GSH and Versene. Ammonium sul- 
fate was added to the 286 ml. of dialyzed autolysate to 0.4 sat- 
uration. The relatively small precipitate was dissolved in a 
minimal volume of 0.05 m Tris, dialyzed against this solvent for 
2 hours end then diluted with 0.05 m Tris to 40 ml. Solid cal- 
cium phosphate gel (1 mg./mg. of protein) was added and the 
suspension stirred at 2° for 10 minutes. The gel was removed 
by centrifugation for 5 minutes at 3000 r.p.m. The super- 
natant fluid usually contained 90 per cent of the enzyme activity. 
If more than 30 per cent of the activity had been absorbed, the 
gel was eluted with 40 ml. of 0.5 m phosphate, pH 7.4, and the 
eluate and previous supernatant fluid were combined for the next 
step. Ammonium sulfate was then added to the supernatant 


TABLE V 
Purification of DPN-synthetase from yeast 

The assay incubation mixture contained 0.5 ymole desamido- 
DPN, 1 umole ATP, 2.5 umoles MgCle, 10 umoles GAm, 15 umoles 
of phosphate or Tris, pH 7.4, 5 umoles NaF, and 28 umoles KCl 
in a volume of 0.5 ml. After 30 minutes of incubation the protein 
was heat-denatured for 30 to 60 seconds, the suspension diluted 
with 1.0 ml. water, cleared by centrifugation, and a 1 ml. aliquot 
taken for DPN analysis. 














Fraction Volume | Activity | Protein . —“¥ 

ml. units/ml. | mg./ml. fold 

Yeast autolysate............ 286 0.86 | 16 1 

First AmSO, (0-0.4) fraction. . 40 9.7 16.7 ll 

Supernatant from calcium 5.6 4.9 21 
phosphate gel.............. 40 

Second AmSO, (0-0.34) frac- 13.0 5.4 44 
SSC OR nara 20 

EtOH precipitate. .......... 10 16.1 2.8 106 
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fluid (or supernatant fluid plus eluate) to 0.34 saturation. The 
resulting precipitate was collected and redissolved in 20 ml. of 
0.05 m Tris containing 0.001 m GSH and Versene. After addi- 
tion of 1.25 ml. of 1 m sodium acetate the solution was cooled to 
0° and 9.1 ml. of 95 per cent ethanol at —12° was slowly added. 
After stirring the mixture at —12° for 5 minutes the precipitate 
was removed by centrifugation at —12° in a high-speed Servall 
centrifuge. The precipitate was taken up in 10 ml. of 0.025 m 
Tris containing 0.001 m GSH and Versene. 

Table V summarizes the course of this fractionation. 1 unit 
of enzyme was defined as the amount necessary to catalyze 
synthesis of 1 umole of DPN/hour under standard conditions. 
The 100-fold purified yeast enzyme contained virtually no 
ATPase activity and exhibited only slight pyrophosphatase ac- 
tivity when incubated in 0.05 m pyrophosphate. The presence 
of adenylate kinase was definitely demonstrated. With varying 
amounts of the purified enzyme in the incubation procedure a 
linear relation was observed between the rate of DPN synthesis 
and enzyme concentration. After 3 weeks storage in a frozen 
state there was a 50 per cent decrease in activity. Omission of 
glutamine, ATP, desamido-DPN, or Mgt+ from the incubation 
mixture resulted in complete failure of DPN synthesis. Re- 
placement of glutamine by glutamic acid was without effect. 
Omission of KCl resulted in a 75 per cent diminution in DPN 
synthesis. 

The identity of the DPN synthesized under these conditions 
was indicated by the following criteria: When the product was 
assayed with alcohol dehydrogenase and alcohol, there appeared 
the characteristic absorption spectrum of DPNH with a maxi- 
mum at 340 mp. Subsequent addition of pyruvate and lactic 
dehydrogenase resulted in disappearance of the absorption at 
340 mu. When desamido-DPN-C", prepared enzymatically 
with an extract of acetone powdered human erythrocytes, was 
included in the usual incubation, and the product subjected to 
paper electrophoresis in 0.05 m citrate, pH 3.5, a radioactive spot 
was observed which travelled identically with an authentic sam- 
ple of DPN. When either glutamine, or Mg++, or ATP were 
omitted from the incubation only radioactive desamido-DPN was 
detected after paper electrophoresis. 

Specificity of the Amide Donor—As shown in Table VI, glut- 
amine and ammonium salts were the only amide donors tested 
effective for formation of DPN in the standard assay system. 
Since glutamate did not stimulate DPN synthesis from NHs, it 
appears improbable that the NH; was employed for glutamine 
synthesis before participating in DPN synthesis. It must be 
noted that the enzyme preparation itself contained a trace of 
glutamate; 0.01 umole was furnished by the enzyme prepara- 
tion as used in the standard incubation mixture. The purified 
enzyme was devoid of glutaminase activity so that glutamine 
was not hydrolyzed before utilization of its nitrogen for DPN 
synthesis. Since the rate of reaction was not enhanced by the 
concomitant presence of NH,Cl and glutamine, it appears likely 
that these two amide donors can be independently utilized by 
the same enzyme. 

Fig. 2 compares the effect of pH upon DPN synthesis with 
glutamine and NH,Cl as the amide donors. With glutamine, a 
relatively broad pH optimum from pH 6.2 to 7.6 was obtained 
whereas when NH,Cl was employed the optimal pH range ap- 
peared to lie between 8.2 and 9.0, suggesting that NHs, rather 
than NH,", is the active species in the enzymatic reaction. This 
is supported by the fact that the K,, value for glutamine in this 
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system was 3.5 X 10-* m whereas, for NH,Cl, K, was found to 
be 1.4 X 107 m at pH 7.4. Since, at pH 7.4, the actual NH; 
concentration is 1.4 X 10-* M, the K,, values for glutamine and 
for NH; are of the same order. When 100 uwmoles of hydroxyl- 
amine were included in the incubation system in the absence of 
glutamine or NH;, no DPN was formed but a small amount of 
an unidentified compound accumulated which was chromogenic 
in the presence of ferric salts. Presumably this indicated forma- 
tion of the hydroxamic acid analogue of DPN. Formation of 
this material was found to be dependent upon the presence of 
ATP, Mg?*+, and desamido-DPN in the incubation system. 

Partial Purification of DPN-Synthetase from Rat Liver— 
Homogenates of 10 rat livers were prepared by the procedure of 
Melnick and Buchanan (16). The supernatant fluids after cen- 
trifugation at 60 to 70,000 x g in a Spinco model L preparative 
ultracentrifuge for 1 hour were pooled and solid (NH,).SO, 
added to 0.15 saturation. The precipitate was discarded and 
the supernatant fluid brought to 0.3 saturation with additional 
(NH4)2SO;4. The precipitate so obtained was dissolved in a total 
volume of 34 ml. of 0.05 m Tris. Solid calcium phosphate gel 
(1 mg. of gel/mg. of protein) was added and the suspension 
stirred for 10 minutes at 0°. The supernatant fluid, which con- 
tained 90 to 100 per cent of the activity, was brought to 0.22 
saturation with (NH,).SO;. The precipitate was redissolved in 
about 10 ml. of 0.025 m Tris and dialyzed against 500 ml. of this 
solvent for 2 to 3 hours. This procedure effected 7-fold purifi- 
cation of DPN-synthetase. The requirements for DPN synthe- 
sis with this preparation were identical with those observed with 
the yeast enzyme, viz. desamido-DPN, ATP, Mgtt, K+, and 
either glutamine or NH3. 

Stoichiometric Relations in DPN Synthesis—The presence of 
limiting amounts of pyrophosphatase activity in the purified 
enzyme preparation necessitated special precautions in establish- 
ing the stoichiometric relationships which obtain during DPN 
synthesis. In incubations conducted on twice the scale described 
above, both orthophosphate and pyrophosphate appeared. In- 
clusion of 10 wmoles of NaF in the incubation system completely 
prevented appearance of orthophosphate and an equivalent 
amount of pyrophosphate, as determined by the procedure of 
Flynn et al. (17), was detected. Addition to the incubation sys- 
tem of highly purified inorganic pyrophosphatase, prepared by 
the method of Heppel and Hilmoe (18), resulted in hydrolysis of 
the pyrophosphate and appearance of an equivalent amount of 
orthophosphate when fluoride was omitted. Complete stoichi- 
ometry was then attempted after incubation for 30 minutes of 
the usual components on a scale 6-fold of that described previ- 
ously. After heat denaturation and removal of the protein, 
assays were conducted for DPN, pyrophosphate, and orthophos- 
phate by the methods previously described, AMP by the pro- 
cedure of Kalckar (19), and ADP by the method of Kornberg 
and Pricer (20). Glutamate was determined with glutamic de- 
hydrogenase and APDPN in the manner suggested by Kaplan 
et al. (21). In the complete system 1.11 wmoles of DPN were 
formed concomitant with the appearance of 1.35 umoles pyro- 
phosphate, 1.01 umoles AMP, 0.31 umoles ADP, and 1.30 umoles 
glutamate. No orthophosphate appeared. Omission from the 
reaction mixture of desamido-DPN, glutamine, or ATP com- 
pletely prevented the appearance of any of the compounds listed 
as did pretreatment of the enzyme at 100° for 1 minute. The 
small amount of ADP observed under these conditions was un- 
doubtedly the result of the activity of the adenylate kinase 
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TaBLe VI 
Amide donors for DPN-synthetase 
The incubation system and assay procedure was identical with 
that shown in Table V. The 100-fold purified yeast enzyme was 


employed. Substrate amounts in wmoles are shown in parenthe- 
ses. 
































Donor substrate DPN synthesized 
co pmoles 
None 0.000 
Glutamine (10) 0.242 
Glutamate (10) 0.005 
Aspartate (10) 0.000 
Asparagine (10) 0.000 
NH,Cl (20) 0.054 
NH,Cl (20) + glutamate (6) 0.055 
NH,Cl (100) 0.154 
NH,Cl (100) + glutamine (10) 0.246 
.300 + a z 
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Fic. 2. Influence of pH on DPN-synthetase activity. The in- 
cubation system contained 0.5 ymoles desamido-DPN, 2.5 umoles 
MgCl, 1 umole ATP, 28 ymoles KCl, and 0.04 ml. of purified yeast 
enzyme. Where indicated the mixture contained 10 umoles gluta- 
mine or 20 umoles NH,Cl. Incubations at pH 6.2 to 7.8 contained 
15 umoles Pj; incubations at pH 7.4 to 9.0 contained 15 wmoles 
Tris. Before immersion at 100° for 1 minute to stop the reaction, 
1 ml. H,O was added to tubes at pH 6.2 to 7.4 and 1 ml. contain- 
ing 20 wmoles Pi, pH 6.2, was added to the more alkaline mix- 
tures to protect DPN from alkaline hydrolysis. 


shown to exist in the partially purified enzyme. The identity of 
glutamate as a reaction product was established with glutamic 
dehydrogenase, as described above. In addition, upon paper 
electrophoresis of the products of the enzymatic reaction, a nin- 
hydrin reactive spot was found at the site expected for glutamic 
acid. From these data it appears appropriate to regard the final 
step in the synthesis of DPN as: 


Desamido-DPN + ATP + glutamine — 
DPN + AMP + PP; + glutamate 


ATP appeared to be completely specific in this reaction sys- 
tem, and could not be replaced by CTP, UTP, ITP, or GTP. 
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TaBLeE VII 
Effect of preincubation with azaserine upon DPN -synthetase activity 


The complete incubation mixture contained 0.5 wmoles des- 
amido-DPN, 10 wmoles glutamine, 1 wmole ATP, 2.5 ywmoles 
MgCl, 28 uymoles KCl, 15 umoles Tris, pH 7.4, 0.03 ml. purified 
yeast enzyme and, where indicated, 1 umole azaserine in a total 
volume of 0.5 ml. Enzyme and indicated components were pre- 
incubated for 10 minutes at room temperature. The missing 
components were then added and incubation continued at 37° for 
30 minutes. When glutamine or NH,Cl were not in the preincu- 
bation mixture, these were added before addition of any other of 
the missing components. In Series B, 100 umoles NH,Cl were 
present in the final incubation in place of glutamine. 








Series Components ia — 
pmoles % 
A No preincubation; complete mixture 0.228 

No preincubation; complete mixture + | 0.203 | 11 
azaserine 

Preincubation with: 

Azaserine 0.197 | 14 

Azaserine + GAm 0.197 | 14 

Azaserine + GAm + desamido-DPN + | 0.209 8 
Mg*+ + K+ 


Azaserine + GAm + ATP + Mgt** + K*| 0.209 8 


Azaserine + ATP + Mg** + Kt 0.209 8 

Azaserine + desamido-DPN + Mg*t*+ + | 0.191 | 16 
Kt 

Azaserine + desamido-DPN + ATP + | 0.176 | 24 
Kt 

Azaserine + desamido-DPN + ATP + | 0.162 | 30 
Mg*+ 

Azaserine + desamido-DPN + ATP + | 0.116] 49 
Mgtt + Kt 

B_ | No preincubation; complete mixture 0.153 

No preincubation; complete mixture + | 0.121 | 21 
azaserine 

Preincukation with: 

Azaserine + desamido-DPN + ATP + | 0.108 | 30 


Mg**+ + Kt 














In the absence of fluoride, ADP was approximately one-half as 
active as ATP. However, in the presence of 0.05 m NaF, which 
was found to inhibit adenylate kinase by about 70 per cent, ADP 
was only 13 per cent as effective as an equimolar amount of ATP. 

Azaserine Inhibition of DPN Synthesis—K,, for desamido- 
DPN, ATP, and Mg*+ were found to be 1.4 x 10-4, 6 x 10-4 
M, and 1.3 X 10-* Mm respectively; K,, values for glutamine and 
ammonia were cited above. As seen in Fig. 3, azaserine ap- 
peared to act as a competitive inhibitor with respect to each of 
the two amide donors, when studied in the usual manner. Ky, 
for azaserine was 1.3 < 10-* M against glutamine and about 2.7 x 
10-* m against NH,Cl. 

Preincubation of the enzyme with azaserine was without 
demonstrable effect whereas preincubation with azaserine, des- 
amido-DPN, ATP, Mg++, and K+ markedly accentuated the 
inhibition. Preincubation of enzyme with various mixtures of 
the reaction components, in the absence of azaserine, was with- 
out influence. Similar preincubation did not markedly enhance 
azaserine inhibition when ammonia was the amide donor. Thus, 
it appears that rather than reversibly competing with azaserine 
for the enzyme site, the presence of glutamine delays essentially 
irreversible binding of azaserine to the enzyme. The results 
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resemble those reported by Levenberg et al. (22), for the azaserine 
inhibition of the amidation of formylglycinamide ribotide by 
glutamine; however, the latter authors did not indicate a re- 
quirement for ATP or formylglycinamide ribotide during the 
preincubation. 

DPN Synthesis by Subcellular Fractions of Rat Liver—Hoge- 
boom and Schneider (23) noted that DPN-pyrophosphorylase is 
largely, if not exclusively, located in the nuclear fraction ob- 
tained by differential centrifugation of broken cell preparations 
of rat liver. This observation has been the basis for a hypothe- 
sis concerning the role of the nucleus in the regulation of cellular 
metabolism formulated by Brachet (24). Accordingly, it ap- 
peared of interest to ascertain the distribution in rat liver of the 
three enzymes demonstrated above to participate in DPN syn- 
thesis. In one series, rat livers were homogenized by the pro- 
cedure of Schneider and Hogeboom (25) with 0.25 m sucrose, and 
the preparations differentially centrifuged. The nuclear frac- 
tion so obtained was rehomogenized to minimize the number of 
intact cells and washed once with 0.25 m sucrose before use. In 
the second series, cellular fractions were obtained by the pro- 
cedure of Melnick and Buchanan (16); in this instance the super- 
natant fraction was centrifuged free of microsomes. 

It will be seen in Table VIII that the distribution of DPN- 
pyrophosphorylase and desamido-DPN pyrophosphorylase ac- 
tivities was identical, supporting the suggestion that both reac- 
tions are catalyzed by the same enzyme. The nuclei were most 
active in this regard and it appears likely that if CaCl. had been 
included in the homogenizing mixture (23) the activity would 
have been confined almost exclusively to the nuclei. It is note- 
worthy that desamido-DPN synthesis was more rapid than that 
of DPN although the substrate was added in only 40 per cent of 
the concentration of NMN. 

The DPN-synthetase activity of liver “homogenate” was quite 
low whereas that of an equivalent amount of the supernatant 
fraction was five times as great. Several attempts to demon- 
strate desamido-NMN synthesis from nicotinic acid-7-C™ with 
whole “homogenate” or fractions thereof were completely un- 
successful despite the fact that studies in vivo clearly indicated 
that this reaction occurs in rat liver in vivo (1). However, the 
great activity of DPN-synthetase and the apparently weaker 
activity of desamido-NMN-pyrophosphorylase are compatible 
with the finding that after administration of NA-C™, desamido- 
DPN-C™ accumulates first, then DPN-C™ and only trace 
amounts of desamido-NMN are found at any time (1). 


DISCUSSION 


The evidence presented indicates that synthesis of DPN from 
nicotinic acid appears to proceed by the following consecutive 
reactions: 


Nicotinie acid + PRPP — desamido-NMN + PP; (1) 

ATP + desamido-NMN = desamido-DPN + PP; (2) 
Desamido-DPN + glutamine + ATP — 

DPN + glutamate + AMP + PP; (3) 


Of these reactions, 1 and 2 have been observed with extracts of 
human erythrocyte acetone powder, 2 and 3 have been observed 
with partially purified enzymes from yeast autolysate and 1 in 
unfractionated yeast autolysate, while Reactions 2 and 3 have 
been demonstrated with partially purified enzymes from mam- 
malian liver. A prominent feature of this sequence is the fact 
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Fic. 3. Inhibition of DPN-synthetase by azaserine. 
DPN synthesized/30 minutes. 


that all three steps result in the formation of inorganic pyrophos- 
phate. There is no doubt that Reaction 1, as shown, is operative 
in extracts of acetone powdered human erythrocytes. No ex- 
planation is at hand for the fact that, in addition to PRPP, ATP 
was necessary for desamido-NMN formation by partially puri- 
fied preparations from yeast. Conceivably, ATP may have been 
required either to maintain the concentration of PRPP or to 
compensate for the activity of an, as yet, unspecified phos- 
phatase. In any case, it appears that, at least in the erythro- 
cyte, Reaction 1 is catalyzed by an enzyme distinct from that 
which catalyzes the analogous synthesis of NMN at high con- 
centrations of nicotinamide. In contrast, it is apparent that 
Reaction 2 is catalyzed by the enzyme originally designated as 
DPN-pyrophosphorylase by Kornberg et al. (8). The respon- 
sible enzyme is similarly distributed in the subcellular fractions 
of rat liver and the two activities could not be separated when 
the procedure of Kornberg (8) was used for the purification of 
DPN pyrophosphorylase from hog liver. Since DPN synthesis 
in mouse liver from nicotinamide (26) and in rat liver from 
nicotinic acid (1) appears to proceed via desamido-DPN it is not 
clear under what circumstances this enzyme may serve to con- 
duct either pyrophosphorolysis of DPN or synthesis of the latter 
from NMN. At present, the only known physiologically feasible 
pathway for NMN formation appears to be pyrophosphorolysis 
of DPN catalyzed by this enzyme. 

The enzyme which catalyzes Reaction 3, for which the desig- 
nation DPN synthetase is suggested, offers a number of unusual 
problems. The final product is DPN, an amide. With am- 
monia as the amide donor, the reaction might be regarded as 
proceeding through an intermediary adenylate analogous to that 
proposed for the activation of fatty acids (27) and amino acids 
(28). The formation of a small amount of hydroxamic acid when 
hydroxylamine replaced NH; in the reaction mixture is in ac- 
cord with this concept. ATP has previously been demon- 
strated to participate in transfer of glutamine nitrogen in the 
formation of guanylic acid (29, 30) and (a-N-formyl) glycin- 


The incubation system was that described in Table V. 
The molarity of azaserine is shown on the appropriate lines. 











1 
— = 1/umoles of 
Vv 


Taste VIII 


DPN -pyrophosphorylase and DPN -synthetase in rat liver 

DPN synthesis from NMN was measured in vessels which con- 
tained 1 umole NMN, 6 wmoles ATP, 15 uymoles MgCle, 50 umoles 
Tris, pH 7.4, 164 umoles NAm and cellular fraction equivalent to 
50 mg. of liver except for mitochondria which were equivalent to 
160 mg. of liver. For desamido-DPN synthesis, the incubation 
mixtures were identical but contained 0.4 umole desamido-NMN 
and no nicotinamide. 

DPN synthetase was assayed in mixtures containing 1 ymole 
desamido-DPN, 20 umoles glutamine, 4 umoles ATP, 164 umoles 
nicotinamide, 5 wymoles MgCls, 25 uwmoles P;, pH 7.4, and the 
equivalent of 200 mg. of liver. All incubations were in a total 
volume of 1.0 ml. at 37° for 20 minutes (A) or 60 minutes (B). 

The results are expressed as umoles/100 mg. of liver/hour. 

















A B 
DPN-pyrophosphorylase DPN-synthetase 
Cellular fraction 
| 4 DPN a 4 DPN 
‘“‘Homogenate”’ | +0.38 +0.79 +0.028 
Nuclei | +0.59 +1.04 
Mitochondria | +0.00 +0.00 
Supernatant | +0.18 +0.20 +0.114 
| 








amidine ribotide (16). The present reaction appears to be 
unique, however, in that in none of these instances is an amide 
generated. Whereas K,, for glutamine and NH; are of the same 
order, the necessary concentration of NH,*, at physiological pH, 
is 100-fold greater and it is conceivable that, within cells, the 
concentration of NH; may be insufficient to permit DPN syn- 
thesis in this manner (31). It is attractive, therefore, to con- 
sider that the special role of glutamine in such physiological 
transfers, is to permit attack of the activated complex by a 
nitrogen atom which is not protonated and still bears two un- 
shared electrons. Details of the mechanism of this reaction are 
presently under closer study. 
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Azaserine had previously been observed to inhibit other en- 
zymes which catalyze nitrogen transfer from glutamine (22, 32, 
33). In keeping with the findings of Levenberg et al. (22) the 
azaserine inhibition of DPN synthetase is also enhanced by pre- 
incubation of enzyme and inhibitor. In the present case, how- 
ever, preincubation was found to be effective only under condi- 
tions which also permit the formation of the activated complex. 
The product of this preincubation is thought to be enzyme with 
both activated desamido-DPN and azaserine bound at the active 
site. The activated complex appears relatively free to react 
with NH; but the azaserine prevents access of glutamine to the 
active site. 


SUMMARY 


Diphosphopyridine nucleotide (DPN) synthesis from nicotinic 
acid in extracts of human erythrocytes, yeast autolysates, and 
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preparations of rat liver is accomplished by three consecutive 
reactions in which nicotinic acid mononucleotide and nicotinic 
acid-adenine dinucleotide are formed as intermediates. Partial 
purification has been obtained of each of the responsible enzymes. 
The enzyme which catalyzes reaction of nicotinic acid with 
5-phosphoribose 1-pyrophosphate to form nicotinic acid mono- 
nucleotide and pyrophosphate is distinct from nicotinamide 
mononucleotide pyrophosphorylase. The reaction in which nic- 
otinic acid mononucleotide reacts with adenosine triphosphate 
to form the dinucleotide and pyrophosphate, is catalyzed by the 
enzyme previously recognized as DPN-pyrophosphorylase. A 
third enzyme, DPN synthetase, catalyzes the final reaction in 
which nicotinic acid-adenine dinucleotide + adenosine triphos- 
phate + glutamine (or ammonia) yields DPN + adenylic acid + 
glutamate + pyrophosphate. Azaserine is an effective inhibitor 
of DPN synthetase. 
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The Enzymatic Synthesis of Porphyrins from Porphobilinogen’ 


I. UROPORPHYRIN I 


LAWRENCE BoGorRAD 


From the Department of Botany, University of Chicago, Chicago, Illinois 


(Received for publication, August 14, 1957) 


The utilization of porphobilinogen for the enzymatic synthesis 
of porphyrins, including protoporphyrin IX, has been demon- 
strated to occur in the presence of cell-free preparations of 
Chlorella cells (3), avian erythrocytes (4), and other materials 
(5). In turn, the isolation of an enzyme which catalyzes the 
condensation of 2 molecules of 6-aminolevulinic acid to form 1 
of porphobilinogen has been reported (6, 7, 8). 

The demonstration of the enzymatic synthesis of porphyrins 
from PBG! in cell-free preparations, suggested the feasibility of 
attempting the isolation of enzymes which catalyze individual 
reactions in this biosynthetic chain, and of studying, in vitro, the 
mechanisms of these reactions. The present studies deal with 
the biosynthesis of uroporphyrins and uroporphyrin precursors 
from PBG. / This report is principally concerned with a descrip- 
tion of the partial purification and the mode of action of an 
enzyme, PBG-D, which catalyzes the synthesis of uroporphyrino- 
gen I from PBG,] It is shown elsewhere (9) that the unoxidized 
tetrapyrrolic precursor of uroporphyrin I synthesized en- 
zymatically from PBG by PBG-D is a suitable substrate for 
decarboxylating enzymes and serves as a precursor of porphyrins 
with fewer than eight carboxyl groups per molecule of the I 
isomeric series. 


METHODS 


The PBG used in these experiments was isolated from the 
urine of patients with acute porphyria? by the methods of Westall 
(10) and of Cookson and Rimington (11). 

PBG was assayed quantitatively using the Ehrlich reagent 
(p-dimethylaminobenzaldehyde). The procedures used were 


* This work was supported by grants from the National Science 
Foundation and from the National Institute of Arthritis and 
Metabolic Diseases, United States Public Health Service (A-1010). 
It was also supported in part by the Arthur Weinreb Memorial 
Fund in Botany and the Wallace C. and Clara A. Abbott Me- 
morial Fund, both of the University of Chicago. Many of these 
results were reported at the meeting of the American Society of 
Biological Chemists at San Francisco, April 1955 (1) and in a 
preliminary report (2). 

1 The following abbreviations are used: PBG, porphobilinogen; 
PBG-D, porphobilinogen deaminase; Tris, tris(hydroxymethy])- 
aminomethane; PCMS, p-chloromercurisulfonate; PCMB, p-chlo- 
romercuribenzoate. 

2 The PBG used in these experiments was recovered from urine 
obtained through the courtesy and cooperation of Drs. E. O. 
Willoughby, M. Arkin, J. Lindberg, and J. Chappell of the Vet- 
eran’s Administration Hospital, Hines, Illinois, and Dr. George 
V. LeRoy of the University of Chicago. 
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similar to those described by Mauzerall and Granick (12) with 
the following exceptions: when 2 per cent p-dimethylamino- 
benzaldehyde in 6 N HCl was used, the optical density was 
determined 90 seconds after mixing equal volumes of diluted 
sample and Ehrlich’s reagent; under these conditions the ap- 
parent molar extinction coefficient for the p-dimethylamino- 
benzaldehyde-PBG complex is 3.5 X 10‘ at optical densities 
below 0.2. With the modified Ehrlich reagent containing 2 n 
perchloric acid, the apparent molar extinction coefficient was 
5.8 X 10‘ under the conditions used here. 

Quantitative analyses of porphyrins were made spectrophoto- 
metrically. The calculations of uroporphyrin concentration 
were based on the following molar extinction coefficients obtained 
for uroporphyrin in phosphate buffer at pH 7: 397 mu, 10.60 x 
10*; 503 my, 1.26 « 10‘; 538 my, 1.05 x 104; 561 my, 8.80 x 
10°; and 612 my, 4.08 x 10°. Several methods of paper chroma- 
tography (13, 14, 15) were employed in the qualitative analyses 
of porphyrins. 

The concentrations of protein in enzyme preparations were 
estimated by the Biuret method (16) with crystalline bovine 
serum albumin as a standard. Analyses of ammonia liberated 
in the course of enzymatic reactions were made by the method of 
Archibald (17) as modified by Speck (18). 

For routine analyses of PBG-D activity, the reaction mixture 
contained the following: enzyme preparation, PBG at a final 
concentration of 100 wg. per ml., Tris or phosphate buffer, pH 
8.2, final concentration 0.125 m, and distilled water; ethylene- 
diaminetetraacetic acid was included in some experiments. 
Incubation was at 29 or 37°. Samples for quantitative analyses 
of PBG were withdrawn initially and at the termination of the 
incubation period. 


RESULTS 


Plant materials which have been found to catalyze the con- 
sumption of PBG and the appearance of porphyrin include wheat 
germ (19, 20), bean leaf tissue, albino corn leaf tissue, and sun- 
flower leaf tissue. Frozen and thawed preparations of freshly 
harvested spinach leaf tissue catalyze the consumption of PBG 
and cause the appearance of uroporphyrin I and III, as deter- 
mined by paper chromatography (15). Aqueous extracts of 
acetone powders of leaf tissue of market spinach appear to 
be capable of catalyzing the synthesis of mostly or entirely uro- 
porphyrin I from PBG under the same conditions. These 
extracts contain, in addition to PBG-D, a thermolabile oxidase 
which catalyzes the oxidation of uroporphyrinogen to uropor- 
phyrin. 









Preparation of PBG-D from Spinach Leaf Tissue 


Method A—Acetone powders of spinach leaf tissue were 
prepared essentially, according to the method of Axelrod et al. 
(21), from spinach purchased in local markets. The dried 
powder was stored at —20° until used. All subsequent opera- 
tions were conducted in the cold room at 2-4°. The prepara- 
tion of an aqueous extract of the powder was begun by mixing 
1 weight of powder with 8 volumes of cold distilled water. 
After incubation for 30 minutes, the suspension was centrifuged 
for 20 minutes at 20,000 x g, and the supernatant fluid was 
collected. 

Solid ammonium sulfate (21.2 gm. per 100 ml. of fluid) was 
added to the supernatant fluid while it was being stirred me- 
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Fic. 1. Changes in concentration of PBG and uroporphyrin I 
during incubation at 29° of 1.0 ml. of PBG solution; 0.2 ml. of 
PBG-D preparation stage HIIB (7.6 mg. of protein); and pH 8.2 
phosphate buffer. Total volume 4 ml. 
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TABLE I 
Purification of porphobilinogen deaminase 
Method A 
Fraction Sa of ee Purification 
Complete................. 156,710 26.4 
IIB (40-50%) ............. 102,500 187.0 re | 
HIIB (IIB heated 45 min. 
“<3 a: eee 82,720 333.0 12.6 
E (HIIB after zone elec- 
trophoresis)............ 36 , 562 1300.0 49.2 














* One unit of activity = enzyme required to catalyze the con- 
sumption of 10-* umole porphobilinogen/ml./hour. 
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chanically. Then, after approximately 1 hour in the cold, the 
mixture was centrifuged, the precipitate was washed with a 30 
per cent saturated (calculated as of 0°) ammonium sulfate 
solution, and the washing fluid was pooled with the original 
supernatant solution. 

To the combined supernatant solution and washings was 
added, during mechanical stirring, solid ammonium sulfate 
(7.06 gm. per 100 ml. of fluid). This material was treated in a 
manner similar to that described for the preceding fraction, and 
a precipitate, insoluble in 40 per cent saturated ammonium 
sulfate solution (Fraction ITA) plus supernatant fluid and wash- 
ings, was obtained. To the latter solution was added solid 
ammonium sulfate (7.06 gm. per 100 ml. of fluid). By following 
procedures similar to those already described, a fraction which 
precipitated between 40 and 50 per cent of saturation with 
ammonium sulfate was obtained (Fraction IIB). The precipi- 
tates were dissolved in minimal amounts of cold distilled water 
and dialyzed against distilled water (total volume approximately 
600 times that of the protein solution) at approximately 4° 
for 4 hours. 

Fraction IIB was heated in a water bath at 55° for 45 minutes, 
cooled in ice, and then centrifuged. The supernatant fluid was 
collected. The precipitate was washed twice with small amounts 
of cold distilled water, and the washings and original superna- 
tant fluid were combined. This step effected an additional 
2.5-fold purification of PBG-D, but no measurable loss of activity 
occurred. Fractions IIB and HIIB (IIB heated as described 
above) each catalyze the consumption of PBG and the ap- 
pearance of uroporphyrin I, although the activity of individual 
preparations vary with respect to the latter. The course of 
consumption of PBG and the appearance of uroporphyrin in 
the presence of an HIIB preparation are illustrated in Fig. 1. 

A further purification of PBG-D was accomplished by zone 
electrophoresis of the HIIB fraction at 2—4° on blocks of potato 
starch at pH 8.0 (0.018 m phosphate or 0.03 m veronal buffer) at 
a potential of about 20 volts/em. The PBG-D migrated toward 
the anode slightly faster than bovine serum albumin stained 
with bromphenol blue, which was placed on another part of 
the block as a marker. The precise location of the enzyme at 
the termination of the run (usually about 20 hours) was accom- 
plished by removing, from about the center of the region to 
which the solution of Fraction HIIB had been applied, a strip 
the thickness of the starch block, about 3 to 5 mm. wide, and 
extending from the anodic to the cathodic end. This strip was 
divided into 1 cm. segments, and each segment was placed on a 
numbered microscope slide. 0.1 ml. of solution containing 20 
ug. of PBG was applied to each segment. The slides were exam- 
ined under a 3660 A light (Black Raymaster fluorescent tube) 
after incubation in a water-saturated environment in darkness 
at room temperature for 2 to 3 hours. Segments containing the 
desired enzyme were identified by their pink to red fluorescence. 
The appropriate region was cut out of the block and packed on a 
Buchner funnel. The protein was displaced from the starch 
with dilute phosphate buffer. The enzyme was then precipi- 
tated from the solution with ammonium sulfate. The precipi- 
tate was collected by centrifugation and then dialyzed against 
distilled water. Solutions of this material (Fraction E) as well 
as of Fractions IIB or HIIB have been stored at —20° for more 
than 10 months without measurable loss of activity. Table I 
illustrates the degree of purification achieved at each step in this 
procedure. 

Fraction E catalyzes the consumption of PBG, but the ap- 
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Fic. 2. Changes in concentration of PBG and uroporphyrin I 
during incubation at 29° of 0.5 ml. of PBG solution; 0.2 ml. of 
PBG-D preparation stage FE (1.7 mg. of protein per ml.); and 2.3 
ml. of 0.125 m phosphate buffer pH 8.2. 
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pearance of porphyrin lags far behind the disappearance of the 
substrate, unlike the situation in which Fractions IIB or HIIB 
are used as a source of deaminase. Thus, at the time of ex- 
haustion of the PBG, with Fraction E employed as a source of 
the enzyme, the bulk of the product is a colorless compound 
(uroporphyrinogen) which gives no reaction with p-dimethyl- 
aminobenzaldehyde in the Ehrlich test. Fig. 2 illustrates the 
course of disappearance of PBG and the appearance of porphyrin 
catalyzed by a preparation of Fraction E. Additional porphyrin 
is formed slowly in such a solution upon aeration; porphyrin 
appears rapidly on the addition of either iodine or enzyme 
preparations IIB or HIIB (Fig. 3). 

Thus, the consumption of PBG for the synthesis of a colorless 
product (uroporphyrinogen) is a separate process from the pro- 
duction of porphyrin. The enzymatic conversion of uropor- 
phyrinogen I to uroporphyrin I is discussed below and its con- 
version to porphyrins with fewer than eight carboxyl groups per 
molecule is discussed elsewhere (9). 

Method B—Table II illustrates the effect of heating a prepara- 
tion of Fraction HIIB on (a) the concentration of protein re- 
maining in solution, (b) the deaminase activity recovered after 
heat treatment, and (c) the activity of the oxidase as measured 
by the absorption of the reaction mixture at 500 my after incu- 


bation with PBG and buffer at 37° for 60 minutes. These 
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Fic. 3. Effect on optical density at 500 mp and 538 my of the addition of 0.3 ml. of enzyme preparation Stage HIIB to solution in 


which PBG has been exhaused by the action of PBG-D (enzyme preparation Stage E). 
absorption at 500 my of the control to which no HIIB preparation was added. 
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TasBe II 
Effect of heating PBG-D solution 








Fraction HIIB* #OO.D pie iin Soluble protein 
% % % 
Unheated....... 100 100 100 
Heated 15min.at: 
vr 100 67.3 98.2 
Sy aeers 72 17.2 83.0 
RAE CER 14.3 3.5 59.7 














* Prepared from Fraction IIB by heating 45 minutes at 55°. 
See text for the conditions of the experiment. 


TasBe III 
Purification of PBG-D (Method) B) 





Total units of Units/mg. 





Fraction activity* protein Purification 
Complete............ 186 ,930 30.8 
IIB (40-50%) ........ 80,178 202.0 6.6 
ee ae 36 ,852 835.0 27.8 





*1 unit of activity = enzyme required to catalyze the con- 
sumption of 10-? ymole PBG/ml./hour. 
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experiments were performed in the following manner: 2 ml. of 
a solution containing Fraction HIIB (5.7 mg. of protein per ml.) 
in 0.1 m phosphate buffer, pH 8, were heated at the selected 
temperature for 15 minutes and then cooled in an ice bath and 
centrifuged at about 4°. The precipitate was then washed twice 
with 1 ml. portions of cold distilled water. The washes were 
combined with the original supernatant solution and the total 
volume was adjusted to 5 ml. Aliquots were taken for esti- 
mation of protein and for assay of deaminase and oxidase activi- 
ties. 

The observation that the oxidase is more readily inactivated 
by heat than is PBG-D provides the basis for a relatively simple 
method for obtaining purified preparations of PBG-D which are 
low in oxidase activity. Fraction IIB, prepared as described 
above, is diluted with water and pH 8.0 buffer to make a solution 
which contains 10 mg. protein per ml. and is 0.1 m with respect 
to phosphate buffer. This solution is heated at 75° for 15 min- 
utes and is then immediately cooled in an ice bath. The pre- 
cipitated protein is removed by centrifugation. The super- 
natant fluid is fractionated with ammonium sulfate, by 
procedures similar to those described in Method A. The frac- 
tion which precipitates at 30 per cent of saturation with am- 
monium sulfate is discarded. The fraction which precipitates 
between 30 and 50 per cent of saturation with ammonium 
sulfate contains about 68 per cent of the total activity recovered 
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Fic. 4. Effect of hydroxylamine (final concentration 0.01 mM) on the changes in optical density at 500 my (-——-) and 538 my 


(x——x) during incubation at 29° of a mixture containing 0.40 ml. of enzyme preparation Stage HIIB (10.8 mg. of protein); 1.00 
ml. of PBG solution (500 ug. per ml.); 3.35 ml. of 0.5 m phosphate buffer, pH 8.2; and 0.25 ml. of 0.2 m NH,OH. Controls 


x--x--x, 500 my, and -------, 5388 mu) contained 0.25 ml. of water instead of NH.OH. 


Upper section shows the ratio of the optical density at 500 my» to that at 538 my in the absence (-——-) and in the 


presence (x——x) of hydroxylamine. 
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after the heat treatment (Table III). Activities ranging up to 
990 units per ml. of protein have been obtained in this fraction 
(H 30-50). 

The experiments reported in this paper were performed with 
Fractions IIB, HIIB, E, or H 30-50. 


The Course of Appearance of Porphyrin 


The course of appearance of porphyrin during the incubation 
of reaction mixtures containing PBG and HIIB is illustrated in 
Fig. 1. The porphyrin was estimated spectrophotometrically 
directly in the reaction mixture against a blank incubated for 
the same time and under the same conditions but lacking PBG. 
In some cases, a short high speed centrifugation of the blank 
and sample was required to clear the solutions before reading. 
It has been possible to prevent entirely the appearance of por- 
phyrin in experiments using Fractions IIB, HIIB, E, or H 30-50 
as a source of the deaminase if the experiments are carried out 
anaerobically (under N:2) in the presence of approximately 
0.04 to 0.1 m cysteine or ascorbate. Cysteine has been found 
to have no influence on the Ehrlich reaction if the concentration 
of the amino acid is 6.25 x 10-‘ m or below in the final solution. 
The effect of cysteine on the Ehrlich reaction was avoided by 
using samples of appropriate sizes for PBG determinations. 

Fig. 3 illustrates the course of change in the absorption at 500 
and 538 my after the addition of HIIB to a mixture of PBG and 
Fraction E after the PBG has been exhausted. Boiled prepara- 
tions of HIIB fail to accelerate the appearance of porphyrin. 
Thus, fractions such as HIIB apparently contain a heat-labile 
oxidase, of undetermined specificity, which catalyzes the oxida- 
tion of the colorless compound produced by the action of PBG 
deaminase on PBG. This oxidase appears to be inhibited by 
hydroxylamine. 

If PBG is incubated with the deaminase (Fraction HIIB) in 
the presence of 0.01 m hydroxylamine, the appearance of por- 
phyrin is delayed and preceded by the appearance of a strong 
absorption band at about 500 mu. Fig. 4 illustrates the course 
of consumption of PBG and the appearance of the absorption 
bands at about 500 and 538 my in the reaction mixture in the 
absence and in the presence of 0.01 m hydroxylamine. In the 
presence of hydroxylamine, in the experiment illustrated here, 
the consumption of PBG is inhibited about 12 per cent, but the 
more striking effect is the strong and rapid development of the 
500 my band followed by a decrease in the intensity of this band 
concomitant with an increase in absorption at 538 my. In addi- 
tion to indicating that the oxidase is inhibited by hydroxylamine, 
these data suggest that a compound which absorbs strongly at 
about 500 my is a precursor of the porphyrin in this system. 
The ratio between the absorption of each reaction mixture at 
500 and 538 my is given at the top of the figure. This ratio is 
1.2 uroporphyrin in phosphate buffer at pH 7. 

A similar pattern of changes in the absorption maxima at about 
500 and 538 my occurs when chemically reduced uroporphyrin 
is oxidized with iodine. 

Crystalline uroporphyrin I methyl ester obtained from the 
urine of a case of bovine congenital porphyria (22), was incubated 
overnight in 30 per cent KOH in methanol (w/v). Water was 
then added, and the free porphyrin was precipitated from 
aqueous methanol by adjusting the pH to about 4. The pre- 
cipitated porphyrin was dissolved in dilute ammonium hydroxide, 
the pH was adjusted to about 8, and the porphyrin was reduced 
with 2.5 per cent sodium amalgam. After the pH was adjusted 


to about 7, iodine solution was added, and the spectrum was 
determined about 1 minute after each addition of iodine. The 
first band to appear strongly was one with a maximum at about 
500 my, while another band with an absorption maximum at 
about 445 my also appeared early in the titration. During the 
course of the titration the absorption at the other maxima in 
the visual region of the spectrum (about 536 my, 561 my, and 
612 my) increased upon each addition of iodine until no further 
change occurred, while the absorption at about 500 my reached 
a maximum and then decreased as the addition of iodine was 
continued. At the termination of the titration, the band seen 
earlier at about 445 my was no longer present. The maximum 
intensity of the 500 my band, relative to the bands at longer 
wave lengths, varies depending upon the rate of addition of io- 
dine to the porphyrinogen solution. Fig. 5A illustrates the ab- 
sorption spectra of two aliquots of a solution of uroporphyrino- 
gen I, before any iodine had been added. Fig. 5B illustrates the 
spectra of these same solutions after 0.5 ml. of iodine solution 
(7.76 X 10-4 N) was added at one time to one solution (solid 
line); to the second (dotted line) 0.5 ml. of iodine solution was 
added 0.1 ml. at a time at intervals of about 3 minutes. Fig. 5C 
illustrates the spectra of these same two solutions after an addi- 
tional 0.5 ml. of iodine solution was added; again, in one case 
the addition was stepwise, and in the other, all at once. Fig. 5D 
illustrates the spectra, superimposed, of these two solutions at 
the termination of the titrations. The curves illustrated are 
not corrected for dilution of the porphyrin solutions by the iodine 
solution which was added. 

These data indicate that the compound which absorbs strongly 
at about 500 my and appears in the course of the enzymatic 
synthesis of uroporphyrin from PBG is a cyclized tetrapyrrole 
at an oxidation level between uroporphyrinogen and uropor- 
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Fic. 5. Spectral changes during oxidation by iodine of uro- 
porphyrinogen I to uroporphyrin I. (See text for details.) 


400 500 
m 








506 Enzymatic Synthesis of Porphyrins from Porphobilinogen. I 


TaBLe IV 
Ammonia release during PBG-D catalyzed PBG consumption 


Conditions: 29°, 0.1 m, pH 8.2, phosphate buffer. (See text for 
details.) 


























c ss - 
Experiment} Enzyme =. sia at x 100 Conditions 
pmole/ml. | wmole/ml. % 
93.1 E-14 0.739 0.706 95.8 Aerobic 
95 E-17 0.643 0.637 | 99.1 Anaerobic 
96 K-17 0.724 0.727 100.2 Anaerobic 
98 E-16 0.554 0.580 103 Anaerobic 
phyrin. In addition, these observations provide evidence that 


the PBG-D catalyzed reaction terminates with the production 
of uroporphyrinogen. This conclusion is supported by experi- 
ments which show that uroporphyrinogen I and the colorless 
product of the PBG-D reaction serve equally well as substrates 
for the enzymatic synthesis of porphyrins with fewer than eight 
carboxyl groups per molecule (9). 


Ammonia Release During Consumption of PBG 


The release of ammonia during the consumption of PBG in 
the presence of Fractions HIIB or E under aerobic and anaerobic 
conditions was measured (Table IV). Approximately 1 mole 
of ammonia was released per mole of PBG consumed. The 
courses of release of ammonia and the consumption of PBG 
were roughly parallel. 

In the anaerobic experiments, the cooled reaction mixture 
was placed in a chilled Thunberg tube which was then twice 
alternately evacuated and flushed with nitrogen which had been 
kept in contact with phosphorus for at least 48 hours before 
use. Samples were removed under a stream of nitrogen and 
kept under nitrogen and in an ice bath until analyses were per- 
formed. 

No release of ammonia was observed during incubation of 
enzyme preparations HIIB or E with 6-aminolevulinic acid, 
glutamine, 8-phenylethylamine, or cysteine. 


Porphyrin Yield 


Porphyrin yields ranging from 70 to 101 per cent were ob- 
tained in experiments using enzyme preparations IIB, HIIB, 
E, or H 30-50. For example, after the exhaustion of the PBG, 
0.079 umole of uroporphyrin per ml. was found in an incubation 
mixture which initially contained, per ml., 0.346 umole of PBG, 
enzyme preparation H 30-50 (0.53 mg. of protein), 0.45 mmole, 
pH 8.2 of Tris buffer, and 0.03 mmole of ethylenediamintetra- 
acetic acid. This represents a yield of 91 per cent. In this 
experiment the PBG was consumed at the rate of 0.524 umole 
per ml. per hour. In another similar experiment, half as much 
enzyme preparation was included and the reaction rate was ap- 
proximately halved; the porphyrin yield was again 91 per cent. 
In both of these experiments, the uroporphyrinogen produced 
was oxidized to uroporphyrin by iodine added to the reaction 
mixtures shortly after the exhaustion of the PBG. Higher 
yields appear to be obtained when this procedure is followed 
than when the oxidation is permitted to proceed spontaneously. 


Characterization of Porphyrin Product as Uroporphyrin I 


Porphyrin prepared by the oxidation of uroporphyrinogen 
produced enzymatically with Fractions IIB, HIIB, E, or 30-50 
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Fic. 6. Effect of pH on the rate of consumption of PBG as 
catalyzed by PBG-D preparation stage HIIB. Each incubation 
mixture contained, in 3 ml., 0.07 ml. of PBG-D preparation (2.3 
mg. of protein); 0.5 ml. of PBG solution (containing 300 ug. of 
PBG); water; and 1.0 ml. of 0.3 m Tris buffer of the appropriate 
pH. Incubation was at 29°. 


was isolated by precipitation at pH 4 or by adsorption on tale. 
The pigment was then either dissolved in aqueous ammonium 
hydroxide or eluted from the tale with this solvent. Aliquots 
of the porphyrin were analyzed by paper chromatography by 
the method of Nicholas and Rimington (13). All samples ex- 
amined behaved the same as authentic samples of uroporphy- 
rin I. 

Methy!] esters were prepared by evaporating off the ammonium 
hydroxide under reduced pressure, drying with methanol, and 
adding dry 30 per cent HCI in methanol (weight /weight) or 5 per 
cent H.SO, in methanol (volume/volume) to the residue. After 
standing overnight, the methyl] ester was transferred to ether, the 
ether was evaporated off under reduced pressure, the residue was 
dissolved in a small amount of chloroform, and an aliquot was 
chromatographed on paper by the method of Falk and Benson 
(15). The behavior of the porphyrin methyl ester obtained in 
the present experiments corresponded with that of uroporphyrin 
I, except that in some samples faint traces of porphyrin appeared 
at the uroporphyrin III position on the chromatogram. It has 
been pointed out (11) that this method (15) fails to distinguish 
point data and studies of the coproporphyrin prepared from this 
material, described below, support the contention that the ma- 
terial examined here is predominantly uroporphyrin I. 

The uroporphyrin octamethyl ester pooled from several ex- 
periments crystallized as small needles from benzene-petroleum 
ether. The melting point was determined on a micro hot stage; 
polarized light was used for observation. Some initial loss of 
birefringence was observed at 288°. Many individual crystals 
lost all birefringence at 290° to 291°, while birefringence of masses 
of crystals had all disappeared at 293°. These melting points 
correspond quite closely to those reported by Nicholas and 
Rimington (23) for uroporphyrin I octamethyl ester. 

Crystalline uroporphyrin methyl ester (0.5 umole) from these 
experiments was partially decarboxylated to coproporphyrin 
according to the method of Edmondson and Schwartz (24). The 
partially decarboxylated material was esterified and chromato- 
graphed on magnesium oxide (Grade III) (25) and then crystal- 
lized from chloroform-methanol. The needles softened at 235°, 
and all birefringence was gone at 252°. Paper chromatography* 


3 Mauzerall, D., and Granick, S., unpublished method. 
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of this coproporphyrin revealed the presence of only one spot, 
that corresponding to coproporphyrin I. These data are in ac- 
cord with the other observations reported here and indicate that 
the uroporphyrin produced in these experiments is entirely or 
predominantly uroporphyrin I (26). 


Effect of pH 


Fig. 6 illustrates the effect of variation in pH on the activity 
of the deaminase. The pH of each reaction mixture for which 
data are illustrated in this figure was checked before incubation 
and then again 10 minutes before the termination of the 60-min- 
ute incubation period. The pH for maximum activity of the 
enzyme under the conditions of the experiments reported here 
appears to be about 8.1. 

In contrast to the stability of PBG-D at pH 8.2 (Table II) 
the PBG-D activity of an HIIB-type preparation was com- 
pletely lost after 10 minutes at pH 2.5 at room temperature, 
while similar preparations maintained at pH 11.5 under similar 
conditions lost only 40 per cent of their activity. 


Kinetics 
The Michaelis-Menten constant is approximately 7.2 x 10-5 


moles per liter. (A Lineweaver-Burk (27) plot of these data is 
illustrated in Fig. 3 (20).) 


Inhibitors 


It has been suggested (28) that formaldehyde is a byproduct 
of the synthesis of porphyrins from PBG. Formaldehyde ap- 
pears to have two effects when it is included in incubation mix- 
tures of PBG and PBG-D. First, the rate of PBG consumption 
is altered and, secondly, uroporphyrin III (identification by pa- 
per chromatography (15)) appears in increasing proportion as 
the concentration of formaldehyde is increased. The effect of 
formaldehyde concentration on the rate of PBG consumption 
in the presence of PBG-D is shown in Table V-A. The reasons 
for the apparent decrease in inhibition at higher formaldehyde 
concentrations and the appearance of uroporphyrin III are clear 
from the data shown in Table V-B and Fig. 7. The rate of non- 
enzymatic consumption of PBG, at pH 8.2, is positively corre- 
lated with the concentration of formaldehyde while the PBG-D 
catalyzed reaction is inhibited by formaldehyde. The uro- 
porphyrin III accumulated in the presence of PBG-D, PBG, and 
formaldehyde is thus apparently produced nonenzymatically. 
Sodium formate, at a final concentration of 17 wg. per ml., has 
no effect on either the enzymatic or the nonenzymatic reaction. 

Silver and mercury ions, PCMS and PCMB, are very effective 
inhibitors of PBG-D (Table VI). Inhibition by PCMB is re- 
versed by cysteine. The following were found to have no effect 
on the rate of PBG consumption: 2 x 10-? m sodium fluoride, 
1 x 10-? m sodium azide, 1  10-* m iodoacetate, 1 K 10-2 m 
salicylaldoxime, or 1 xX 10-* m cupric sulfate. The mixture 
incubated in each of these experiments consisted of: PBG-D 
preparation of H 30-50 (1.4 mg. of protein), 0.01 mmoles of 
ethylenediaminetetraacetic acid, 0.3 mmoles of Tris buffer, 
(pH 8.2), 0.9 uwmoles of PBG, and an inhibitor, all in a final 
volume of 3 ml. Samples for PBG assay were taken initially 
and after 60 minute incubation at 37°. 

It has been shown that 3-amino-1 ,2,4-triazole* inhibits chlo- 


‘IT am indebted to Dr. D. Appleman, University of California 
at Los Angeles, for a generous gift of aminotriazole. 


L. Bogorad 


TABLE V-A 


Effect of formaldehyde on the consumption of PBG in the 
presence of PBG-D 








PBG initial Formaldehyde PBG: CHO | Ratet | Inhibition 





concentration* concentration 

M } M % 
11.15 X 10-* | | 0.365 
10.90 X 10" | 1.33 K 10-* 8.2 | 0.242 33.7 
11.15 X 10" | 3.17 X 10 3.5 0.223 38.8 
10.95 X 10-* | 4.66 K 10-* 2.5 0.139 | 61.9 
11.58 X 10-* | 6.65 XK 10-* 1.7 0.206 43.5 


| 





* Each reaction mixture contained, in 3 ml., 0.2 ml. of enzyme 
(1.0 mg. of protein/ml.) ; 0.7 ml. of pH 8.2, 0.5 m phosphate buffer; 
PBG; and water. Incubation was at 37°. 

t Rate = umoles of PBG/ml. consumed/hour. 


TaBLe V-B 
Effect of formaldehyde on the nonenzymatic consumption of PBG 








PBG initial Formaldehyde Ratio Ratet | Rate 
concentration* concentration PBG:CH:O0 ° | per cent 
—a | — = “ Sa ae 

10.48 X 10-* 0 0.313 | 100 
10.98 X 10-4 4.6 X 10-* 2.4 0.373 119.7 
10.69 XK 10-4 §.8xX10°* | 1.8 0.487 |. 155.6 





* Each reaction mixture contained, in 3 ml., PBG; 0.7 ml. of 
pH 8.2, 0.5 m phosphate buffer; and water. Incubation was at 100° 
for 2 minutes. 

+t Rate = umoles of PBG/ml. consumed in 2 minutes. 





rophyll synthesis (29, 30, 31) in some plant tissues and also 
acts as an inhibitor of catalase in plant and animal tissues 
(30, 31). At aminotriazole concentrations up to 5 x 10° m 
and an initial concentration of PBG of 7.4 x 10-* m there 
appears to be no effect upon the rate of the PBG-D catalyzed 
consumption of PBG. Similarly, no effect on this enzymatic 
reaction was observed when the reaction mixture contained 1.5 
x 10-* m Sedormid ((2-isopropyl-4-pentenoyl) urea) and the 
initial concentration of PBG was 6 x 10-4 a. 


Intracellular Localization of PBG-D 


Preliminary experiments, in which the PBG-D activity of 
fractions of spinach leaf tissue prepared by differential centrifu- 
gation was determined, indicated that some activity is associ- 
ated with chloroplasts. To investigate this problem, chloro- 
plasts were prepared in 0.35 m NaCl (32). The chloroplasts 
were washed once with 0.35 m NaCl, resuspended, and an aliquot 
was withdrawn for analyses. The remaining material was 
washed two times with 0.35 m NaCl and then suspended in cold 
distilled water. After 10 minutes, the water suspension was 
centrifuged at 20000 x g for 20 minutes, the supernatant fluid 
was decanted, and the sediment was resuspended in distilled 
water. The chlorophyll content of each fraction was also de- 
termined (33). The recovery of 90 per cent of the PBG-D activity 
in the two fractions of water-treated chloroplasts (Table VII) 
indicates that little activity was lost from the chloroplasts dur- 
ing the two washings with 0.35 m NaCl which were performed 
after the removal of an aliquot of the chloroplast suspension 
and before the water treatment. Since the loss of chlorophyll 
is of almost the same magnitude as the loss of activity, the 
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Fig. 7. Effects of formaldehyde on enzymatic and nonenzy- 
matic consumption of PBG. PBG-D, where included, was stage 
HIIB at a final concentration of 0.13 mg. of protein per ml. Final 
concentration of formaldehyde, where included, was 0.58 ug. per 
ml. Incubation at 37°; pH 8.2. 


PBG-D loss might be associated with the breakage of chloro- 
plasts during washing. These data indicate that some PBG-D 
activity of spinach leaf tissue is localized in chloroplasts and 
that some of the enzyme is liberated from the chloroplasts when 
they are ruptured by treatment with distilled water. 


DISCUSSION 


The data presented in this paper are consistent with the con- 
clusion that the enzyme PBG-D catalyzes the linear condensa- 
tion of PBG molecules. The observation that this can occur un- 
der anaerobic conditions suggests that each condensation involves 
the splitting out of 1 molecule of ammonia from the aminomethy] 
group of 1 molecule of PBG and the hydrogen from the unsub- 
stituted a-position of another molecule of PBG. 

It is of interest that the uroporphyrinogen, and ultimately 
the uroporphyrin, produced in these experiments is Type I. 
Cookson and Rimington (11) investigated the nonenzymatic 
conversion of PBG to uroporphyrins at pH values above 10 
and reported that an estimated maximum of 60 per cent of the 
uroporphyrin formed moved as Type I in the Falk and Benson 
(15) chromatographic method, while all the porphyrin produced 
at pH 6.5 moved as uroporphyrin III in the same system. The 
present experiments were conducted at about pH 8. In addi- 
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TABLE VI 
Inhibition of PBG-D 








Inhibitor Concentration | Inhibition 

M ix. ° 
ac iia cg hinxi aes | 1X 10-4 | 93 
_ | eee ee 1X 10+ | 100 
Iodosobenzoate*.......... | 1x 10° 16 
a aca blinaa cid | 1X 10-3 | 84 
I ios sc bs need « | 1X 10° | 12 
.... oa 2X 10°? 22 
MIE oe vs .acccacmen 1 X 10-8 0 
ae RE es atta Sr 1X 10° 100 
oo . EERE eer Fe | 1 X 10-3 (dialyzed) | 87 
.... eres 11 X 10-% (dialyzed) + | 33 


| eysteine, 10-2 | 
| | 





* Enzyme, buffer, and inhibitor incubated 10 minutes at room 
temperature before addition of substrate. 

t Enzyme, buffer, and inhibitor incubated 30 minutes at room 
temperature before addition of substrate. 

¢t Enzyme, buffer, and inhibitor incubated 30 minutes at room 
temperature then dialyzed 4 hours at 2° against pH 8.2 Tris buffer 
before addition of substrate. 

§ As ‘‘t’’ except incubated with cysteine for 30 minutes at room 
temperature after dialysis and before addition of substrate. 


TaBLeE VII 
PBG-D in chloroplasts from spinach leaf tissue 

















| 
| Units of Total Units of 
| activity dianapiet ‘aan hyll 
| As Tali 8: mw 1 oe 
Chloroplast suspension | 
after washing and | 
water treatment... ; 23.6 3.98 5.9 
Sediment. ............ 9.6 3.63 2.6 
Supernatant fluid..... | 11.7 0.03 390.0 
= ide 
| 
ae | 90% 92% 








tion, the yield of porphyrin obtained on boiling PBG in a buf- 
fered solution at about pH 8 is extremely small; porphobilin is 
the major product. These differences call attention to the diffi- 
culty of interpreting the enzymatic synthesis of uroporphyrino- 
gens on the unmodified basis of reasonable models for the non- 
enzymatic synthesis. 


SUMMARY 


The isolation of the enzyme porphobilinogen deaminase from 
aqueous extracts of acetone powder of spinach leaf tissue and 
some of its properties are described. This enzyme catalyzes the 
consumption of porphobilinogen and the condensation of 4 mole- 
cules of this pyrrole to produce 1 of uroporphyrinogen I and 4 
of ammonia. Crude preparations of the deaminase contain an 
enzyme which catalyzes the oxidation of uroporphyrinogen I to 
uroporphyrin I. 

Porphobilinogen deaminase is strongly inhibited by formalde- 
hyde, silver and mercury ions, p-chloromercurisulfonic acid, and 
p-chloromercuribenzoic acid. Cysteine reverses inhibition by 
the latter compound. The action of the enzyme is unaffected 
by 3-amino-1,2,4-triazole or (2-isopropyl-4-pentenoyl) urea 
(Sedormid), at the concentrations tested. 
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Evidence is presented which indicates that at least some por- 





phobilinogen deaminase is localized in the chloroplasts of spinach 
leaf tissue. 
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LAWRENCE BoGoRAD 


From the Department of Botany, University of Chicago, Chicago, Illinois 


(Received for publication, August 14, 1957) 


The partial purification of porphobilinogen deaminase from 
spinach leaf tissue and some details of the action of this enzyme 
in the synthesis of uroporphyrinogen I, have been reported in 
earlier communications (2-5). Uroporphyrin I has been found 
in nature in the excreta of humans and other animals under 
certain pathological conditions (6, 7). 

The arrangement of the propionic and acetic acid side chains 
on uroporphyrin I precludes it, or any cyclized tetrapyrrolic 
precursor of it, as an intermediate in the biosynthesis of biologi- 
cally important porphyrins such as iron protoporphyrin IX or the 
chlorophylls, unless the side chains of the I isomer can be re- 
arranged. On the other hand, it has been shown (8, 9) that the 
reduced precursor of uroporphyrin III, uroporphyrinogen III, 
can serve as a precursor of protoporphyrin and so, presumably, 
also of heme and chlorophylls (10). Thus the mechanism of the 
synthesis of the III isomer is of particular interest and signifi- 
cance. 

The present}report rt describes the ae 
of an_enzyme nated here 
which catalyzes certain steps in the enzymatic_synthesi 

r yporphyrinogen III. An enzyme system consisting of PBG-D! 
ond aitieiodncan isomerase catalyzes the synthesis of uro- 
porphyrinogen III from PBG. In the absence of the isomerase, 
uroporphyrinogen I is formed (5). 





METHODS 


Qualitative and quantitative analyses of porphyrins, quanti- 
tative analysis of PBG, and the estimation of protein were 
performed as described earlier (5). 

Incubation and sampling conditions used in the present ex- 
periments were essentially the same as those previously outlined 
(5) except that in some cases, higher concentrations of PBG 
(about 400 ug. per ml.) were used. Isomer analysis by paper 
chromatography (11) was included as a part of each experiment. 


* This work was supported by grants from the National Science 
Foundation and from the National Institute of Arthritis and 
Metabolic Diseases, United States Public Health Service (A-1010). 
It was also supported in part by the Wallace C. and Clara A. 
Abbott Memorial Fund of the University of Chicago. Pre- 
liminary reports of many of these data were made at the meetings 
of the American Society of Plant Physiologists at East Lansing, 
Michigan, September, 1955 (1), and the Gatlinburg Symposium 
on Photosynthesis, Gatlinburg, Tennessee, November, 1955 (2). 

1 The abbreviations used are: PBG, porphobilinogen; PBG-D, 
porphobilinogen deaminase; Tris, tris(hydroxymethyl)amino- 
methane. 


EXPERIMENTAL AND RESULTS 


Fractionation of Wheat Germ and Preparation of Uroporphy- 
rinogen Isomerase—Aqueous extracts of wheat germ? catalyze 
the consumption of PBG and the appearance of uroporphyrin 
III or a mixture of the I and III isomers of this porphyrin. The 
following procedure leads to the preparation, from wheat germ, 
of fractions which differ from one another with respect to types 
of enzymatic activities in the biosynthesis of porphyrins from 
PBG. All preparative operations were conducted at about 4°. 

Wheat germ (250 gm.) is extracted with 1 liter of cold distilled 
water for 30 minutes with continuous mechanical stirring. 
This is followed by centrifugation of the slurry at about 15,000 x 
g for 20 minutes; the sediment is discarded, and the supernatant 
fluid is collected after filtration through muslin to remove most 
of the fatty layer which separates out on centrifugation. Glacial 
acetic acid is then added, drop by drop, to adjust to pH 5. A 
Beckman model G pH meter is used to monitor the pH, and the 
fluid is stirred mechanically during the addition of the acetic 
acid. After 30 minutes in the cold, the material is centrifuged 
for 20 minutes at about 15,000 x g and again the sediment is 
discarded and the supernatant fluid collected. 

Next, solid ammonium sulfate (21.18 gm. per 100 ml. of fluid) 
is added to the supernatant fluid slowly while it is stirred me- 
chanically. After 30 minutes, the suspension is centrifuged, and 
supernatant fluid is collected. The sediment (Fraction A) is 
discarded after one washing with ammonium sulfate solution 
(21.18 gm. per 100 ml.). 

To the combined supernatant fluid and wash of Fraction A is 
added solid ammonium sulfate (7.06 gm. per 100 ml. of fluid), 
and the procedure described above is repeated with the excep- 
tion that an ammonium sulfate solution containing 28.24 gm. 
of ammonium sulfate per 100 ml. is used for washing. The 
supernatant fluid and wash of this fraction (B) are combined 
and further fractionated by the addition of 7.06 gm. of ammo- 
nium sulfate per 100 ml. of solution. The precipitate (Fraction 
C) is collected by centrifugation and washed with a solution 
of ammonium sulfate (35.3 gm. per 100 ml.). The supernatant 
fluid and wash of Fraction C are discarded. 

Each precipitate is then suspended in a minimal amount of 
cold distilled water and dialyzed against 200 volumes of distilled 
water at 0° to 5° for 4 hours. The dialyzed material is then 
frozen and stored at —20°. 


2 The wheat germ used in these experiments was generously 
provided by the General Mills Research Laboratory, Minneapolis, 
Minnesota, through the courtesy of Dr. J. S. Andrews. 
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Fic. 1. Tracing of a paper chromatogram (Falk and Benson method (11)) of methyl esters of porphyrins recovered after incubation 
of different preparations of wheat germ Fraction B with PBG (except WG-10B No. 18). Dotted lines show position of pigments at 
the beginning of the second development; solid lines show final positions. U I = uroporphyrin I marker. U III = uroporphyrin III 
marker. WG 10B No. 18 is chromatogram of porphyrin methyl ester recovered from incubation mixture of PBG and PBG-D only. 


The activity of the uroporphyrinogen isomerase is best con- 
served by carrying out the preparation without interruption. 
The interposition of a nucleoprotein-precipitating step (by the 
addition of protamine or MnCl,) between the isoelectric pre- 
cipitation and the ammonium sulfate fractionation, provided no 
benefit with respect to ease of subsequent manipulations or 
sharpness of separation of the desired components. 

Fraction B—Fraction B catalyzes the consumption of PBG 
and the appearance of uroporphyrins; however, different prepara- 
tions of this fraction vary with respect to the proportions of the 
I and III isomer which appear during incubation with the sub- 
strate. Fig. 1 illustrates tracings of chromatograms (11) of 
methyl esters of uroporphyrins produced from PBG through the 
catalysis of this fraction. 

No measurable alteration in enzymatic activity of preparations 
of Fraction B has been observed even after storage for 12 months 
at —20°, but the capacity of similar preparations to catalyze the 
synthesis of uroporphyrin III appears to be completely lost if 
they are heated at 55° for 15 minutes or aged in the refrigerator 
(about 4°) for 2 days. The ability of heated or aged prepara- 
tions to catalyze the consumption of PBG appears to be unaltered 
by either of these treatments; however, only uroporphyrin I 
is formed. Similarly, frozen and thawed preparations of Chlo- 
rella which have been heated at 55°, catalyze the synthesis of 
only uroporphyrin I from PBG (12). These observations sug- 
gest that at least two enzymes are required for the biosynthesis 
of uroporphyrinogen III from PBG. 

Fraction C—The PBG-consuming activity of preparations of 
Fraction C made to date ranged downward from 0.01 umole of 
PBG consumed per ml. per hour per mg. of protein, to a level 
at which no activity was measurable. Uroporphyrin III is 
produced by preparations which are capable of catalyzing the 
consumption of PBG. 

Experiments in which PBG, PBG-D prepared from spinach 
leaf tissue (5), and Fraction C from wheat germ are incubated 


together, reveal that wheat germ Fraction C contains an enzyme 
(uroporphyrinogen isomerase) which catalyzes some step(s) in 
the synthesis of uroporphyrinogen III. In these experiments, 
PBG is consumed at a rate commensurate with the concentration 
of the deaminase; however, unlike experiments in which Frac- 
tion C is omitted, the bulk of the porphyrin recovered at the 
termination of the incubation period is uroporphyrin III rather 
than the I isomer. Traces of the latter isomer are sometimes 
also present. Below certain limits, the proportions of the two 
isomers produced is a function of the relative concentrations of 
PBG-D and uroporphyrinogen isomerase in the reaction mix- 
tures (Fig. 2). These estimates are based on the relative fluores- 
cence intensity and the area of the spots in the Falk and Benson 
method (11) of paper chromatography. 

With most preparations of Fraction C, under standard assay 
conditions (0.2 to 0.4 umole of PBG per ml.), it has not been 
possible to detect a difference in the rate of PBG consumption 
(a) in the presence of PBG-D alone, as compared with (6) the 
rate in the presence of PBG-D plus uroporphyrinogen isomerase 
at the minimum concentration of the isomerase required for the 
production of uroporphyrin III without chromatographically 
detectable uroporphyrin I. However, kinetic studies at low 
substrate concentrations reveal clear differences. 

The apparent Michaelis-Menten constant in the presence of 
both enzymes is estimated to be 10 x 10-5 per liter, and the 
concentration at which the maximum velocity of the reaction 
was achieved was 0.125 umole per ml. In the absence of the 
isomerase, maximum reaction velocity was achieved at 0.076 
umole per ml. Fig. 3 illustrates Lineweaver-Burk plots (13) 
of the kinetic data. At the enzyme concentration used in these 
experiments, the preparation of uroporphyrinogen isomerase 
employed catalyzed no consumption of PBG when incubated 
alone with this pyrrole. 

Rate of Consumption of PBG and Porphyrin Yield—The rate 
of consumption of PBG by the isomerase (Fraction C)-deaminase 








512 





WG-35 





m9 O00 9 








& ini & % 4% 


‘4 

Fig. 2. Tracing of a paper chromatogram (Falk and Benson 
method (11)) of methyl esters of porphyrins recovered from assay 
of a preparation of wheat germ Fraction C in which different 
proportions of Fraction C and PBG-D (Stage H 30-50) were incu- 
bated with PBG. The Fraction C preparation contained 136 mg. 
of protein per ml.; the H 30-50 preparation of 28 mg. of protein per 
ml, Each 3 ml. of reaction mixture contained 0.05 ml. of H 30-50 
and the following amounts of Fraction C: 1, 1.3 ml.; 2, 1.0 ml.; 
3, 0.6 ml.; and 4,0.3 ml. The initial concentration of PBG ranged 
from 0.42 to 0.44 umole per ml. Dotted lines show position of 
pigments at the beginning of the second development; solid lines 
show final positions. U I = uroporphyrin I marker, U III = 
uroporphyrin III marker. 





TaBLe I 


Yield of uroporphyrin from PBG and effect of aerobic or 
anaerobic incubation 























cone e.g | Usoporphyrin | Yield. | Conditions* 
pmole/ml. pmole/ml. % 
Experiment 1 
AAP ENE? 0.446 0.068 61.2 Aerobic 
_ a eae 0.373 0.085 91.3 Anaerobic; 
cysteine 
Experiment 2 
_ Rite Ae 0.319 0.060 75.4 Aerobic 
Te ee 0.337 0.083 98.5 Anaerobic; 
cysteine 
Experiment 3 
Shiarsake tases 0.380 0.089 93 Anaerobic 
RR Ae 0.374 0.084 90 Anaerobic; 
cysteine 
Bivins vamesses 0.374 0.062 66 Aerobic 
* RAE PGS 0.400 0.066 66 Aerobic 
*Each reaction mixture contained 0.03-0.05 ml. of porpho- 


bilinogen deaminase (PBG-D). Stage H 30-50 (0.65 to 1.08 mg. 
of protein), 0.5 ml. of wheat germ Fraction C (49 mg. of protein), 
3 mmoles of pH 8.2 Tris buffer, and 0.01 mmole of ethylenediamine- 
tetraacetic acid. Total volume 3 ml. Incubated at 37°. Cys- 
teine, where included, 0.12 mmole. The uroporphyrinogen ac- 
cumulated in each experiment was oxidized to uroporphyrin by 
I, which was added to each reaction mixture after the PBG had 
been completely consumed. 


system is the same whether the reaction mixture is incubated in 
air or anaerobically. Under the latter conditions, uroporphy- 
rinogen, but little or no porphyrin, is present at the time of 
exhaustion of the substrate. The porphyrin formed upon oxi- 
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dation of the accumulated uroporphyrinogen was found to be 
uroporphyrin III. 

On the other hand, the yield of porphyrin is adversely affected 
by the presence of air. The yield approaches 100 per cent when 
incubation is under anaerobic conditions but is considerably 
lower when the reaction mixture is incubated aerobically (Table 
I). There is no similar effect of aeration upon yield when the 
isomerase is omitted from the reaction mixture, that is, when 
uroporphyrinogen I is produced enzymatically from PBG by the 
action of PBG-D prepared from spinach leaf tissue (Stage H 
30-50 (5)). 

The occurrence of low yields of uroporphyrin is positively 
correlated with the appearance in the reaction mixtures of an 
absorption band with a maximum at 638 my; this is in addition 
to the uroporphyrin maxima at 502, 538, 561, and 612 my in 
aqueous solution. The peak at 638 my does not occur in prepa- 
rations which have been incubated under anaerobic conditions 
but is prominent in reaction mixtures which have been incubated 
aerobically. However, under aerobic conditions, the develop- 
ment of this band is reduced by about two-thirds if hydroxyl- 
amine (final concentration 0.01 m) is included in the reaction 
mixture. The 638 my absorption band also appears when 
either uroporphyrinogen I or III (prepared as described in (9)) 
is incubated with Fraction C and PBG-D under aerobic condi- 
tions. However, incubation of either uroporphyrin I or III 
under these conditions does not result in the development of this 
band. It also fails to appear when uroporphyrinogens are 
oxidized by air or with iodine (5), (Fig. 3). 

Thus, uroporphyrinogens can be oxidized enzymatically to a 
compound(s) spectroscopically different from uroporphyrin by 
an enzyme present in the preparations used here, and this may 
be the principal cause of reduced yields of uroporphyrin from 
PBG under aerobic conditions. This oxidizing enzyme is 
inhibited by hydroxylamine and appears to have some properties 
in common with an oxidizing enzyme described in extracts of 
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Fig. 3. Paper chromatogram (Falk and Benson Method (11)) of 
methy] esters from preincubation experiment. See text and Table 
II for treatments. Dotted lines show position of pigments at 
the beginning of the second development; solid lines show final 
positions. U I = uroporphyrin I marker, U III = uroporphyrin 
III marker. 
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spinach leaf tissue (5). The nature of the substance which 
absorbs at 638 my has not been determined. 

Inhibition of Uroporphyrinogen Isomerase—Fig. 4 is a tracing 
of a chromatogram (11) of the methyl esters of uroporphyrins 
recovered from experiments in which PBG-D and uroporphyrino- 
gen isomerase were incubated with hydroxylamine or some other 
compounds prior and subsequent to the introduction of PBG 
into the reaction mixtures. Hydroxylamine, at a final concen- 
tration of 1 or 2 x 10-* M, inhibits uroporphyrinogen isomerase; 
uroporphyrin I as well as III accumulated in hydroxylamine- 
treated mixtures. 

Dimedon, 3-amino-1 ,2 ,4-triazole, and semicarbazide, at con- 
centrations ranging from 0.001 to 0.02 m, have no effect on the 
enzymatic production of uroporphyrin III in this system. 

Preincubation Experiments—As described elsewhere (5), the 
incubation of PBG-D preparations with PBG under anaerobic 
conditions leads to the consumption of substrate without the 
appearance of porphyrin, and uroporphyrinogen I accumulates. 
The addition, at this point, of a uroporphyrinogen isomerase 
solution was found to have no effect upon the nature of the 
product, i.e. uroporphyrin I was recovered after oxidation of 
the porphyrinogen. Thus, the isomerase participates in the 
synthesis of uroporphyrin III prior to the formation of a cyclized 
tetrapyrrole; that is, it does not act to rearrange the acetic 
and propionic acid side chains. 

In another type of experiment, very small amounts of uro- 
porphyrinogen isomerase were incubated with PBG-D for 30 
minutes at room temperature prior to the addition of substrate 
and subsequent incubation. The preincubation appeared to 
have no effect upon the relative amounts of the two uroporphyrin 
isomers recovered. 


TaB.e II 
Initial contents of reaction miztures 
Numbers 13 to 17: 0.2 ml. of wheat germ Fraction C (24 mg. of 
protein); 0.7 ml. of 0.5 m phosphate buffer, pH 8.2; 1 ml. of por- 
phobilinogen (PBG) (600 ug.) ; 1.1 ml. of water. 
Number 18: as above but 0.2 ml. of water substituted for wheat 
germ Fraction C. 





Subsequent additions and manipulations Products* 





13a. Incubated 180 minutes at 29° 
b. At 180 minutes, 0.2 ml. of 117 HIIB addedt 
14a. Incubated 180 minutes at 29° UI 
b. After incubation (a), heated 30 minutes at 
55°, cooled, and 0.2 ml. of 117 HIITB addedt 
15. Incubated at 29° for 20 hours 
16a. Heated 30 minutes at 55° prior to addition | U I 
of PBG; cooled, 1 ml. of PBG solution 
added; incubated 180 minutes at 29° 
b. At 180 minutes, 0.2 ml. of 117 HIIB addedf | UI 
17a. In ice bath for 180 minutes UIII>UI 
b. At 180 minutes, 0.2 ml. of 117 HITB addedt 
18a. Incubated 180 minutes at 29° Ul 
b. After incubation (a), heated 30 minutes at 
55°, cooled, 0.2 ml. of 117 HIIB addedf 


UII>UI 








*U I = uroporphyrin I; U III = uroporphyrin III. 
+ Subsequently incubated at 29° for 17 hours. 117 HIIB is a 
preparation from spinach leaf acetone powder which contains 
both porpholinogen deaminase (PBG-D) and the enzyme which 
oxidizes the colorless precursor (uroporphyrinogen) to uropor- 
phyrin. This preparation contains 12.3 mg. of protein per ml. 
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In a third type of experiment, an attempt was made to de- 
termine whether preincubation of the isomerase with PBG might 
have some effect on the nature of the product; that is, al- 
though no detectable consumption of PBG (as measured by the 
Ehrlich reaction) occurs in the presence of the isomerase alone, 
perhaps other alterations in the molecule, not reflected as a de- 
crease in the total number of free a-positions, might be effected. 
The procedures followed in these experiments and the nature of 
the products (based on Falk and Benson (11) chromatography) 
are outlined in Table II. A tracing of a chromatogram of the 
porphyrin methyl esters from such an experiment is shown in 
Figure 3. The 55° heat treatment serves to inactivate the 
uroporphyrinogen isomerase. 

As is illustrated, incubation of PBG with the isomerase, 
followed by the inactivation of this enzyme, and then the addi- 
tion of PBG-D, leads to the production of the same isomer as if 
the PBG had never been exposed to the isomerase, t.e. uro- 
porphyrin I was recovered. Thus, it appears that under the 
conditions described here, PBG, PBG-D, and uroporphyrino- 
gen isomerase must be present simultaneously for the synthesis 
of uroporphyrinogen III from PBG. 

Identification of the Product as Uroporphyrin III—The pro- 
phyrin product(s) of the PBG-uroporphyrinogen isomerase- 
PBG-D reaction move as a single spot corresponding to an 
octacarboxylic porphyrin (uroporphyrin) in the chromatographic 
system of Nicholas and Rimington (14). The behavior of the 
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Fic. 4. Inhibition of the U III-synthesizing capacity of uro- 
porphyrinogen isomerase by hydroxylamine. Tracing of a paper 
chromatogram (method of Falk and Benson (11)) of methyl esters 
of uroporphyrins recovered from experiments in which: No. 2, 
phenylthiourea, final concentration 1 X 10-* m; No. 3, arsenite, 
final concentration 1 X 10-? m; No. 4, potassium cyanide, final 
concentration 1 X 10-2 m; No. 5, 8-hydroxyquinoline, final con- 
centration 2 X 10-* m; No. 7, sodium azide, final concentration 
1 X 10-2 m; No. 8, hydroxylamine, final concentration 2 X 107? m; 
No. 9, hydroxylamine, final concentration 1 X 10-* m; and No. 10, 
sodium fluoride, final concentration 2 X 10-2 m were incubated at 
room temperature for 10 minutes with wheat germ Fraction C 
(109 mg. of protein), PBG-D (Stage H 30-50, 1.4 mg. of protein), 
0.01 mmole of ethylenediaminetetraacetic acid, and 0.3 mmole of 
Tris buffer at pH 8.2, total volume 2.5 ml. After this incubation, 
0.60 to 0.68 umole of PBG in 0.5 ml. was added to each of the above 
mixtures and incubation was continued at 37° until the substrate 
was exhaused. Nos. 1 and 6 are porphyrins from control mixtures. 
Dotted lines show the position of pigments at the beginning of the 
second development; solid lines show final position. U I = uro- 
porphyrin I marker. U III = uroporphyrin III marker. 
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Fic. 5. Lineweaver-Burk plot of relation between PBG concentration and reaction velocity in the presence of PBG-D alone and 


with both PBG-D and uroporphyrinogen isomerase present. 


Each reaction mixture contained PBG-D (preparation stage HIIB, 


0.05 mg. of protein), 1.0 zmole pH 8.2 phosphate buffer, water, and PBG. Reaction mixtures in the PBG-D + W. G. ‘‘C” series con- 


tained, in addition to the above, wheat germ Fraction C (15.8 mg. of protein). The total volume of each solution was 4 ml. 
1/v is the reciprocal of ymoles of PBG per ml. consumed per hour. 


tion was at 37°. 


methyl esters in the Falk and Benson (11) chromatographic 
system is shown in Figs. 1 to 4. 

Porphyrin pooled from five different experiments was collected 
by precipitation at pH 4. The precipitate was dried, esterified 
with methanol containing 30 per cent (w/w) dry HCl, and 
crystallized from chloroform-methanol after chromatography on 
magnesium oxide (Grade III) (15). The crystals of the methyl 
ester were crushed between cover glasses and observed in the 
micromelting point apparatus between crossed Nicol prisms. 
Softening of the crystals commenced at 257°, and all birefringence 
was gone at 262°. This would correspond to 85 to 90 per cent 
uroporphyrin III in mixture with uroporphyrin I, according 
to published, mixed melting point curves (16). 

An aliquot of the uroporphyrin was partially decarboxylated 
to coproporphyrin (17), esterified, and chromatographed on mag- 
nesium oxide (15), and the melting behavior was observed after 
crystallization from benzene-petroleum ether followed by re- 
crystallization from chloroform-methanol. The crystals formed 
as small curved needles or crescents in rosettes. These co- 
proporphyrin methyl ester crystals softened considerably at 
158°, at 175° small birefringent pieces lay in pools of melted 
material, by 195° the residual birefringence was disappearing, 
and by 199° to 200° all birefringence had disappeared. Upon 
cooling, resolidification began at 155°. In the apparatus used 
here a sample of coproporphyrin III tetramethyl ester from 
Corynebacterium dipheriae began to lose birefringence at 155°, 


Incuba- 


and in the range 178° to 179° all birefringence disappeared 
quickly; some resolidification occurred at 169°, and by 162°, 
large pieces of crystalline material were evident throughout the 
field. These data on the melting behavior of the coproporphyrin 
methyl ester prepared from the uroporphyrin produced in these 
experiments are in accord with the conclusion that the isomeric 
composition is about 85 to 90 per cent III and 10 to 15 per cent 
I as based on the mixed melting point curves of Jope and O’Brien 
(18). Consideration of the lability of the isomerase and of the 
stability of the deaminase (5) suggests that the uroporphyrin I 
present may be made from PBG after all the isomerase has 
deteriorated. 

The coproporphyrin methyl ester, prepared from the uro- 
porphyrin synthesized enzymatically in these experiments, moved 
as a single spot corresponding to the III isomer in the paper 
chromatographic method of Graick and Mauzerall.* 


DISCUSSION 


The present data describe what appears to be a system of at 
least two enzymes which catalyze the synthesis of uroporphy- 
rinogen III from PBG. 

The data provided by the kinetic studies (Fig. 5) suggest very 
strongly that there is, at some point in the synthesis of uro- 
porphyrinogen ITI, a direct interaction between PBG and the 
isomerase. On the other hand, at isomerase concentrations 


3 Mauzerall, D., and Granick, S., unpublished method. 
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which catalyze the synthesis of uroporphyrin III when PBG-D 
is present, the isomerase cannot act on the PBG when present 
alone with it. This is indicated by the production of uropor- 
phyrin I when the isomerase is incubated with PBG and then 
inactivated prior to the addition of PBG-D to these solutions. 

In view of the above observations, it seems reasonable to 
assume that the isomerase requires two substrates for its action. 
One of these is PBG, and the other would probably be some 
product of the action of PBG-D on PBG, short of a cyclized 
tetrapyrrole, i.e. a di- or tripyrrole. The nature of this second 
substrate is, as yet, unknown. The detailed mechanisms of the 
action of the enzyme, involving the two substrates, is unclear at 
present. Unfortunately, the data available do not serve as a 
guide to favor strongly any one of the current hypotheses (12, 
19-21) regarding the formation of uroporphyrinogen IIT. 

Of the two hypotheses of the biosynthesis of uroporphyrinogen 
III which have been advanced which involke a “T” pyrryl- 
methane intermediate (12, 20), data are available now to evalu- 
ate only the proposal of Shemin and associates (20). In the 
case of this scheme the isomerase might catalyze the synthesis of 
a tripyrrylmethane from a dipyrrole plus PBG, although in this 
system the participation of a third enzyme, to remove an amino- 
methyl or formyl group from the a-position of one of the dipyr- 
rolic intermediates, might be expected. (It is entirely possible 
that the wheat germ preparations used here do contain more 
than one enzyme which is active in uroporphyrinogen III syn- 
thesis.) One discrepancy between the present findings and the 
hypothesis of Shemin and associates is that, although the product 
of the reactions is principally or entirely uroporphyrinogen 
III, no detectable pyrrole remains in solution at the termination 
of the reaction. This is the case even when sufficient enzyme is 
introduced to have the reaction go to completion in 1 hour. 
According to the hypothesis of Shemin and associates, 1 mole of 
opsopytrole dicarboxylic acid should be accumulated for each 
mole of uroporphyrin III formed; that is, the level of pyrrole, 
as measured by the Ehrlich reaction, should not fall below 20 
per cent of the initial concentration. Polymerization of the 
residual pyrroles, or their failure to react with p-dimethylamino- 
benzaldehyde, could account for the failure to detect them, but 
opsopyrrole dicarboxylic acid is relatively stable under the 
incubation conditions employed in the present experiments, 
and it reacts with p-dimethylaminobenzaldehyde to give a 
complex with a higher molar extinction value than that of the 
PBG complex.‘ In addition, Shemin’s hypothesis is incom- 
patible with the report of Dresel and Falk (22), that about 90 
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per cent of the PBG incubated with avian red cell preparations 
can be accounted for as porphyrin and with the present data, 
where the yield of uroporphyrinogen III from PBG exceeded 
80 per cent in anaerobic experiments. 

Cookson and Rimington (19) have proposed that, at least 
nonenzymatically, a transfer of an aminomethyl or a methyl 
radical from one a-position of PBG to the unsubstituted a- 
position of the same or another molecule of PBG might be 
involved in the synthesis of uroporphyrin III. If this were the 
case in the enzymatic reactions under study here, the isomerase 
could be acting to catalyze such transfers. The evidence pre- 
sented indicates, however, that the isomerase preparations are 
incapable of acting on PBG alone. Thus, if the transfer of, 
é.g. an aminomethyl (or equivalent) group is involved, it would 
appear most likely that this transfer occurs while both substrates 
of the isomerase are on the surface of the enzyme. 

The present data suggest a possible site of the metabolic lesion 
in congenital prophyria. If it is assumed that enzymes with the 
same mode of action as PBG-D and uroporphyrinogen isomerase 
occur in mammals, it would appear that impaired uroporphy- 
rinogen isomerase activity, or increased PBG-D activity, or a 
combination of both, in at least some tissues, might be associated 
with this disease. 


SUMMARY 


The preparation of uroporphyrinogen isomerase from wheat 
germ and some properties of this enzyme are described. Evi- 
dence is presented which is compatible with the conclusion that 
this enzyme catalyzes the synthesis of uroporphyrinogen III 
from porphobilinogen and some product of the action of porpho- 
bilinogen deaminase on porphobilinogen. Uroporphyrinogen 
isomerase is inhibited by hydroxylamine. 

Current hypotheses of porphyrin biosynthesis and the pos- 
sible sites of metabolic lesions in congenital porphyria are dis- 
cussed in the light of the present data. 


Acknowledgment—It is a pleasure to acknowledge the technical 
assistance of Mrs. D. Jacobsohn and Mr. Charles Kung during 
various phases of this work. 





4 Bogorad, L., unpublished results. At pH 8.2 and an initial 
concentration of 86.6 ug. per ml. of opsopyrrole dicarboxylic acid, 
no detectable change in concentration was observed after incuba- 
tion for 60 minutes at 37°. 

The opsopyrrole dicarboxylic acid used in these experiments was 
kindly provided by Dr. 8. F. MacDonald, Division of Pure Chem- 
istry, National Research Council, Ottawa, Canada. 
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The synthesis of uroporphyrinogens I and III from porpho- 
bilinogen by enzyme preparations from spinach leaf tissue and 
wheat germ have been reported (4, 5). The present paper de- 
scribes the conversion of these compounds to porphyrins with 
fewer than eight carboxyl groups per molecule by preparations of 
frozen and thawed Chlorella. The present data also provide ad- 
ditional evidence that the compounds produced from porpho- 
bilinogen by porphobilinogen deaminase and by the porpho- 
bilinogen deaminase-uroporphyrinogen isomerase system (5) are 
uroporphyrinogens. 

Neve et al. (6) have reported the conversion of reduced uro- 
porphyrin III to coproporphyrin and protoporphyrin by a sys- 
tem of lysed duck erythrocytes. 


METHODS 


The procedures for the culture of Chlorella, the production of 
frozen and thawed preparations of this alga, and the procedures 
for the extraction, separation, and qualitative and quantitative 
estimation of porphyrin products have been described (7). In 
the present experiments the pH of the frozen and thawed prep- 
arations, to which all additions except the substrate had been 
made, was determined and, if necessary, adjusted to 7.6 prior to 
the addition of the substrate. 


EXPERIMENTAL 


Conversion of Uroporphyrinogen I Produced Enzymatically from 
PBG in Vitro—As described in a preceding paper in this series 
(4), PBG-D! catalyzes the consumption of PBG and the produc- 
tion from it of a colorless compound (uroporphyrinogen I) which 
can be oxidized enzymatically or nonenzymatically (by air or I) 
to uroporphyrin I. In the present experiments, reaction mix- 
tures containing this colorless product were incubated with 
preparations of frozen and thawed Chlorella cells, and the por- 
phyrin products were recovered and analyzed. Generally, little 
or no uroporphyrin was obtained. The bulk of the porphyrin 
accumulated during these experiments proved to be copropor- 
phyrin. The identification was based on the absorption spec- 
trum in an ether solution, behavior during partition between 
ether and aqueous HCl, and behavior on paper chromatography 


* This work was supported by grants from the National Science 
Foundation and from the Institute of Arthritis and Metabolic 
Diseases, United States Public Health Service (A-1010). It was 
also supported in part by the Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. Preliminary re- 
ports of many of these results have been made (1, 2, 3). 

1 The following abbreviations are used: PBG, porphobilinogen; 
PBG-D, porphobilinogen deaminase. 


(8). Table I outlines the conditions and describes the products 
recovered in a typical anaerobic experiment. In aerobic experi- 
ments, as compared with the anaerobic ones, a slightly greater 
proportion of the porphyrin appeared at the 2 and 3 carboxyl 
positions of chromatograms (8) of the products, but such spots 
were almost invariably present in chromatograms of products of 
anaerobic experiments as well. 

Several attempts were made to determine whether this uropor- 
phyrinogen could be used as a substrate for the extensive syn- 
thesis of a protoporphyrin by the Chlorella system. For this 
purpose much lower substrate levels were employed, in order to 
provide conditions most favorable for the conversion of a maxi- 
mum proportion of the substrate to protoporphyrin, and the 
reaction mixtures containing frozen and thawed Chorella and 
so on, were incubated aerobically. Under these conditions, and 
at initial substrate concentrations of 0.037 and 0.039 umole 
porphyrinogen per ml., the percentages of porphyrin recovered 
as protoporphyrin were 3.1 and 3.4 respectively. In a single 
experiment, however, at a substrate concentration of 0.006 
pmole per ml., 31 per cent of the porphyrin recovered was ex- 
tractable from ether with HCl at concentrations between 0.1 and 
1.0 n and had an absorption spectrum corresponding to that of 
protoporphyrin. The conditions used in these experiments were 
identical with those for the experiment described in Table II 
except, of course, in the present cases, PBG was initially incu- 
bated with preparations of PBG-D rather than with PBG-D 
plus a uroporphyrinogen isomerase preparation from wheat germ. 
This matter is being investigated further. 

Conversion of Reduced Uroporphyrin I—The octamethyl ester 
of uroporphyrin I, produced enzymatically from PBG in vitro 
(4) or recovered from the urine of a case of bovine congenital 
porphyria (9), was chromatographed and crystallized and then 
hydrolyzed by exposure to 30 per cent KOH in methanol (w/v) 
for several hours. The methanolic-KOH solution was trans- 
ferred to a separatory funnel, the residual porphyrin was washed 
from the tube with water, and the washings were added to the 
original solution. In order to remove material still containing 
esterified carboxyl groups, the aqueous methanol phase was ad- 
justed to about pH 4, and the aqueous phase was repeatedly 
extracted with fresh portions of ether until no fluorescent ma- 
terial passed into the ether phase. The precipitated porphyrin 
remaining in the aqueous phase was then collected by centrifuga- 
tion, and the porphyrin remaining in solution was collected by 
adsorption on tale. The centrifuged material was taken up in 
dilute ammonium hydroxide, and the adsorbed material was 
eluted with a small amount of concentrated ammonium hyroxide. 
All this material was combined for subsequent use. Paper 
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TaBLe I 
Porphyrin conversions by Chlorella preparations* 


L. Bogorad 


Tas_e II 
Production of protoporphyrin by Chlorella preparations* 











Porphyrins recovered 
PBG P 
ivale orphyrin 
a Siedeeit recovered Uroporphy- Pee 
rin _| porphyrins 
pmoles | moles X 4 % % 
A. Colorless product of 
PBG-D plus PBG in- 
cubation{............ 5.76 4.21 18.1 81.9 
i. Oy ee: 5.52 4.02 22.0 78.0 
C. UroporphyrinogenI¥.| 3.49 2.29 24.5 75.5 
D. Uroporphyrin........ 2.55 2.14 100.0 

















* In each case the substrate was incubated with 6 ml. of frozen 
and thawed Chlorella preparation (4 ml. of packed cells); 1.0 
ml. of 1.2 m ethylenediaminetetraacetic acid, pH 8; 1 ml. of 0.5 
M, pH 7.6, phosphate buffer containing 1.6 each of penicillin and 
streptomycin; and water, if required, to make a final volume of 
12 ml. Incubation was for 6 hours anaerobically followed by 10 
hours aerobically, all at 37°. (The aerobic incubation is provided 
to permit the oxidation of porphyrinogens to porphyrins.) 
PBG = porphobilinogen. 

+ One umole of PBG equivalent equals 0.25 umole of porphyrin. 

¢ Prepared by incubation at 37° anaerobically of 8.64 umoles of 
PBG with a PBG-D preparation (Stage HIIB) from spinach leaf 
tissue (3) and 0.3 mmole of cysteine at pH 8. Final volume 6 ml. 
At the time of exhaustion of PBG (90 minutes), a 4-ml. aliquot was 
added to the frozen and thawed Chlorella preparation, and so on. 
The maximum porphyrin content at this point was estimated to 
be 0.004 umole per ml. The final porphyrin yield of an aliquot 
not incubated with a Chlorella preparation oxidized in air was 
91.4 per cent. 

§ These porphyrins were identified by paper chromatography 
(7) as mostly coproporphyrin plus smaller amounts of tricarbox- 
ylic porphyrins and traces of hepta- and dicarboxylic porphyrins. 
The chromatographic patterns of aliquots of this fraction from 
all three treatments appeared identical both qualitatively and 
quantitatively. 

q Prepared by the reduction by Pd-H: of uroporphyrin I. Es- 
timated on the basis of porphyrin recovered (86.8 per cent) in an 
aliquot of uroporphyrinogen incubated for the same time and 
under the same conditions as C except that the Chlorella prep- 
aration was omitted. 


chromatography by the method of Nicholas and Rimington (8) 
revealed the presence of only one porphyrin component, this 
moved as an octacarboxylic porphyrin. 

The Chlorella preparations employed here appear to be in- 
capable of catalyzing the decarboxylation of uroporphyrin I but 
such preparations can catalyze the decarboxylation of uropor- 
phyrinogen I. 

Uroporphyrin I, in solution at pH 8, was reduced by shaking 
either with reduced palladium under hydrogen or with 2.5 per 
cent sodium amalgam. The colorless, nonfluorescing solution 
containing the porphyrinogen was then removed from the resid- 
ual palladium or mercury, the pH was adjusted to about 8 when 
necessary, and an aliquot was added to a preparation of frozen 
and thawed Chlorella to which ethylenediaminetetraacetic acid, 
streptomycin, penicillin, and phosphate buffer had been added. 
In the early experiments the incubations were in air. Under 





Substrate | Porphyri ae 
Substrate introducedt sesbuened namely : 
phyrin 
umole umole % 
A. Product of action of WG- 
Fraction C and PBG-D on 
Ns ih eke ei, ok ae 0.083 0.079 30 
B. Enzymatic product in acid 
treated solution§.......... 0.056 0.046 63 
C. Uroporphyrinogen IIT..... 0.124 0.118 56 
D. Uroporphyrinogen IIIj|... .. 0.124 0.123 34 














* Each reaction mixture consisted of 1.5 ml. of substrate solu- 
tion, 0.5 ml. of water, and 10 ml. of Chlorella preparation A ad- 
justed to pH 7.6. Chlorella preparation A consists of 6 parts, by 
volume, of frozen and thawed Chlorella (7), one part 0.5 m phos- 
phate buffer, pH 7, containing 1.6 mg. per ml. each of penicillin 
and streptomycin, and one part 0.8 m ethylenediaminetetracetic 
acid adjusted to pH 7.6 to 8. The mixtures were incubated at 
37° aerobically. 

t These figures are based on the amount of porphyrin present 
at the termination of the incubation period in a solution contain- 
ing an aliquot of the substrate and a mixture identical in composi- 
tion to Chlorella preparation A, except that water was substituted 
for the frozen and thawed chlorella. 

¢ This material was prepared by incubating 2.48 umoles of PBG 
anaerobically at 37° with PBG-D (preparation stage HIIB) from 
spinach leaf tissue (4), uroporphyrinogen isomerase (wheat germ 
Fraction C (5)), 0.36 mmole of cysteine, 0.02 mmole of ethylene- 
diaminetetraacetic acid, and pH 8.2, tris(hydroxymethy]l)amino- 
methane buffer. Final volume 9 ml. The PBG was exhausted 
after incubation for 70 minutes. 160 minutes after the incuba- 
tion was begun, the mixture did not show any pink fluorescence; 
1.5 ml. of this solution was added to 0.5 ml. of water and 10 ml. 
of Chlorella preparation A, and incubation was continued. 
(PBG = porphobilinogen and PBG-D = porphobilinogen de- 
aminase.) 

§ To a3 ml. aliquot of the reaction mixture used as the sub- 
strate solution in A was added, after the exhaustion of the PBG, 
0.15 ml. of 2n HCl. After evacuation of the Thunberg tube in 
which it was contained the acidified solution was maintained 
anaerobically at room temperature for 30 minutes and then 0.3 
ml. of 0.96 n NaOH was added. A 1.5-ml. aliquot of this solution 
was used here. 

q Uroporphyrin III, prepared nonenzymatically from PBG, 
was reduced by shaking with 2.5 per cent sodium amalgam. 

|| As C but 1.5 ml. of a mixture of PBG-D (preparation stage 
HIIB), wheat germ fraction C, cysteine, ethylemediaminetetra- 
acetic acid, pH 8.2 buffer, water of the same composition as used 
in preparing the substrate for A was incubated with the uro- 
porphyrinogen III and Chlorella preparation A. 


these circumstances the bulk of the porphyrin recovered was 
uroporphyrin (2). In later experiments the incubation was 
under anaerobic conditions, achieved by incubating in a Thun- 
berg tube which was twice evacuated and flushed with oxygen- 
free nitrogen after the addition to the tube of the substrate, 
Chlorella preparation, and other materials. Under these condi- 
tions the conversion of uroporphyrinogen I to other porphyrins 
paralleled, quantitatively, the conversion of the product of the 





518 


action of PBG-D on PBG. The results of an experiment of this 
kind are illustrated in Table I. 

Conversion of Uroporphyrinogen I1I—Uroporphyrin III was 
prepared by boiling a solution of PBG in 0.1 n HCl for 10 min- 
utes. The porphyrin was recovered by precipitation at about 
pH 4, dried, and esterified with 5 per cent H.SO, in methanol 
(v/v). The octamethyl ester was chromatographed on Grade 
III magnesium oxide (12) and twice crystallized from chloroform- 
methanol. The crystals melted at 258-261°. The porphyrin 
ester moved entirely as uroporphyrin III on paper chroma- 
tography (11). 

Coproporphyrin tetramethyl ester prepared from this uro- 
porphyrin (11) was chromatographed on Grade III magnesium 
oxide (12) and crystallized; the crystals began to lose birefrin- 
gence at 177°, and almost all birefringence was gone by 181°. 
This material moved entirely as coproporphyrin III in the paper 
chromatographic system of Mauzerall and Granick.? 

Crystalline uroporphyrin III octamethy] ester was hydrolyzed 
and reduced, as described above for uroporphyrin I. The 
porphyrinogen thus obtained was incubated with a preparation 
of frozen and thawed Chlorella, ethylenediaminetetraacetic acid, 
streptomycin, penicillin, and phosphate buffer. The extent of 
conversion to protoporphyrin in an experiment of this type is 
illustrated in Table II. In five experiments conducted under 
the conditions described for Table II, C, protoporphyrin consti- 
tuted from 32 to 56 per cent of the recovered porphyrin; the 
average was 43 per cent. As in the case of uroporphyrin I, 
uroporphyrin III was not acted upon by the Chlorella system. 

Conversion of Uroporphyrinogen III Produced Enzymatically in 
Vitro—PBG was incubated with PBG-D and a preparation of 
wheat germ Fraction C (5) (containing uroporphyrinogen isom- 
erase) in an atmosphere of nitrogen and with cysteine present 
at a final concentration of 0.04 mole per liter. At, or subsequent 
to, the time of exhaustion of PBG, as measured by the Ehrlich 
test, an aliquot of this solution, ethylenediaminetetraacetic acid, 
streptomycin, penicillin, and pH 7.6 phosphate buffer were added 
to a preparation of frozen and thawed Chlorella cells. After a 
10 to 12 hour incubation period, the newly formed porphyrins 
were recovered, and analyses were performed to determine the 
nature and quantity of the porphyrins produced. The extent of 
conversion of this material to protoporphyrin in an experiment 
of this kind is illustrated in Table II. Another aliquot of the 
PBG-PBG-D-uroporphyrinogen isomerase mixture was either in- 
cubated aerobically or iodine was added to oxidize the porphyrin- 
ogen present. In each of these experiments the porphyrin from 
this aliquot was analyzed by paper chromatography (8, 11) and 
found to be almost exclusively uroporphyrin III, with traces of 
uroporphyrin I present in some cases. 

The proportion of porphyrin recovered as protoporphyrin after 
the incubation of uroporphyrinogen III with frozen and thawed 
Chlorella is lower when PBG-D (preparation stage HIIB (4)) 
and wheat germ Fraction C (5) are present during the incubation 
(Table II, D) than when these two enzyme preparations are 
omitted (Table II, C)—this is probably a consequence of residual 
oxidase activity (4) in these enzyme preparations. The presence 
of the oxidase in these enzyme preparations interferes with at- 
tempts to investigate the effectiveness of the enzymatic product 
of the uroporphyrinogen isomerase—PBG-D system as a pre- 
cursor of protoporphyrin when an incubation mixture is added 


2 Mauzerall, D., and Granick, S., unpublished method. 
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to a Chlorella preparation (Table II, A). If, however, the 
enzyme-uroporphyrinogen solution is acidified, incubated ana- 
erobically at room temperature for 15 to 30 minutes, and neutral- 
ized before addition to a Chlorella preparation, the conversion 
to protoporphyrin is more extensive (Table II, B). In another 
type of experiment, uroporphyrin III, produced enzymatically 
in vitro from PBG, was reduced with sodium amalgam and 0.102 
umole of the porphyrinogen was incubated with a frozen and 
thawed Chlorella preparation, and so on, as in the experiment 
described in Table II. Protoporphyrin constituted 81 per cent 
of the 0.082 umole of porphyrin recovered. 

The cysteine which is added to the uroporphyrinogen III 
synthesizing system to prevent oxidation of the product, has no 
effect, under the conditions of these experiments, on the synthesis 
of protoporphyrin from uroporphyrinogen III in the Chlorella 
system. 

The protoporphyrin produced here was characterized by its 
behavior in paper chromatography (8), its HCl number, and by 
its absorption spectrum in pyridine (maxima at 408, 506.5, 541, 
576.5, and 631.5 my). 


DISCUSSION 


The present data show clearly that (a) the colorless products 
of the action of porphobilinogen deaminase or of the porphobil- 
inogen deaminase-uroporphyrinogen isomerase system on PBG 
and (6) uroporphyrinogens produced by the chemical reduction 
of the corresponding uroporphyrins, serve equally well as sub- 
strates for certain enzymes present in frozen and thawed prep- 
arations of Chlorella. These enzymes, which are shown to be 
incapable of utilizing uroporphyrins as substrates, catalyze the 
synthesis of coproporphyrin and protoporphyrin from uropor- 
phyrinogen. In earlier experiments (2) the chemically produced 
porphyrinogens appeared to be less satisfactory substrates for 
decarboxylation, and so on, under aerobic conditions than did 
the enzymatically produced uroporphyrin I. The presence of 
cysteine in the solutions of enzymatically produced uroporphyri- 
nogen I might have helped to prevent the oxidation of the 
substrate during at least the early part of the incubation. In all 
these reactions the competition for the porphyrinogen between 
oxidation, either enzymatically or nonenzymatically, and decar- 
boxylation presents a serious operational problem. This is made 
more serious by the requirement for aerobic conditions for the 
enzymatic synthesis of protoporphyrin (13). In the studies on 
the utilization of uroporphyrinogen III, the use of high ratios 
of Chlorella preparation to substrate helped to minimize the 
apparently diversionary effect of oxidation on the substrate. 

The production of porphyrins with fewer than four carboxyl 
groups from uroporphyrinogen I has been noted here. This mat- 
ter is being investigated further. 


SUMMARY 


Frozen and thawed Chlorella preparations are shown to be 
incapable of utilizing uroporphyrins as substrates for the enzy- 
matic synthesis of porphyrins with fewer than eight carboxyl 
groups per molecule. Such preparations, however, are able to 
catalyze the production of mainly coproporphyrin from uropor- 
phyrinogen I synthesized enzymatically in vitro from porpho- 
bilinogen or prepared by the reduction of uroporphyrin I. 
Uroporphyrinogen III, prepared by the reduction of uropor- 
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the phyrin III or enzymatically in vitro from porphobilinogen, can 
be utilized by frozen and thawed Chlorella preparations as a 


substrate for the synthesis of protoporphyrin. 
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The manner in which isovaleric acid, an intermediate in 
leucine metabolism, yields acetoacetate and acetate, was deter- 
mined by isotopic studies in several laboratories (1-5). The 
a-, B-, and 7- carbon atoms of acetoacetate are derived from the 
isopropyl group of isovalerate, whereas the carboxyl group is 
formed by carbon dioxide fixation (4). Before their demonstra- 
tion of the stoichiometric nature of this carboxylation reaction 
(5), Plaut and Lardy (6) made the interesting observation that 
the incorporation of C-labeled carbon dioxide into the carboxyl 
position of acetoacetate is decreased in liver slices and homogen- 
ates from biotin-deficient animals. The importance of this 
vitamin in leucine metabolism was further demonstrated by 
the observation of Plaut (7) that the incorporation of labeled 
carbon dioxide into acetoacetate during isovalerate metabolism 
in liver homogenates is dependent upon the biotin nutrition of 
the animals, and by the report of Fischer (8) that mitochondria 
from biotin-deficient rats fail to convert isovalerate, 8-methyl- 
crotonate, or 6-methylvinylacetate to acetoacetate. 

Recent studies in this laboratory have established the identity 
of the intermediates in leucine metabolism (9), and have shown 
that the carbon dioxide fixation under discussion is unusual in 
requiring the coupled action of two distinct enzymes (10). It 
seemed of particular interest, therefore, to determine whether 
biotin deficiency is associated with a failure in adenyl carbonate 
formation (catalyzed according to Reaction 1 by the carbon 
dioxide-activating enzyme (11) or in HMG CoA! synthesis (cata- 
lyzed by HIV CoA carboxylase according to Reaction 2). 


CO; + ATP = adenyl carbonate + pyrophosphate (1) 
Adenyl carbonate + HIV CoA = HMG CoA + adenylic acid (2) 
HMG CoA = acetoacetate + acetyl CoA (3) 


The findings presented below clearly indicate that the carboxyla- 
tion of HIV CoA by adenyl carbonate is completely lacking in 
biotin deficiency, whereas carbon dioxide activation (Reaction 
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(Grant A-993). 
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1 The abbreviations used are: acyl CoA, thiol ester of coenzyme 
A; HIV, 8-hydroxyisovaleric acid; HMG, 6-hydroxy-f-methy]- 
glutaric acid; ATP, adenosine triphosphate; Tris, tris(hydroxy- 
methyl)aminomethane. 


1) and HMG CoA cleavage (catalyzed by the specific cleavage 
enzyme according to Reaction 3 (12)) are unaffected. 

The normal and biotin-deficient tissues employed in these 
studies were generously provided by Dr. Henry A. Lardy. 


EXPERIMENTAL 


Preparation of Extracts Containing HIV CoA Carborylase and 
HMG CoA Cleavage Enzyme—Frozen liver tissue from normal or 
biotin-deficient rats was minced with scissors and 2 gm. portions 
were homogenized in 6 ml. of 0.05 m potassium bicarbonate at 0° 
in a Potter-Elvehjem homogenizer. The preparation was then 
stirred for 30 minutes and centrifuged for 15 minutes at 13,000 
r.p.m. The precipitate was discarded and the supernatant solu- 
tion was promptly added to incubation mixtures as a source of 
HIV CoA carboxylase. The carboxylase activity of such prep- 
arations was rapidly lost upon dialysis, storage at 0°, or freezing. 
Extracts from the normal and biotin-deficient livers had similar 
protein concentrations (about 54 mg./ml.). 

Extracts suitable for assay of the carbon dioxide-activating 
enzyme were prepared by treating 2 gm. of minced frozen rat 
liver with potassium chloride and ethanol at —5° in a manner 
previously described (12). The resulting mixture was centri- 
fuged at 13,000 r.p.m. for 20 minutes at —5° and the resulting 
clear, red supernatant solution containing the activating enzyme 
was then dialyzed overnight against 20 volumes of potassium 
chloride, 0.04 m, containing potassium phosphate buffer, pH 7.4, 
0.025 m, and L-cysteine, 0.001 m. The dialyzed extracts from 
the normal and biotin-deficient tissues had similar protein con- 
centrations (about 7 mg./ml.) 

Presence of Carbon Dioxide-Activating and HMG CoA Cleavage 
Enzymes in Normal and Biotin-Deficient Livers—The HMG CoA 
cleavage enzyme was assayed in the bicarbonate extracts of the 
normal and biotin-deficient livers and found to be present at es- 
sentially the same concentration (Table I, Experiment 1). In 
these assays, synthetically prepared HMG CoA was used as sub- 
strate in the presence of magnesium ions and glutathione, and 
bicarbonate was employed as a buffer. No significant amounts 
of acetoacetate were detected in control tubes in which HMG 
CoA was omitted. 

Since the liver bicarbonate extracts contained appreciable 
amounts of ATPase, it was necessary to employ the alcohol- 
potassium chloride extracts for estimation of the carbon dioxide- 
activating enzyme. The liberation of pyrophosphate (measured 
as phosphate owing to the action of pyrophosphatase) from ATP 
in the presence of bicarbonate and hydroxylamine served as the 
assay (11), and the values obtained were corrected for the amount 


520 








XUM 


ge 


ese 


ng. 
lar 


ing 
rat 
ner 
tri- 


um 


page 
SoA 
the 
; OS- 

In 
sub- 
and 
ints 
MG 


able 
hol- 
cide- 
ured 
ATP 
; the 
punt 








wees 


August 1958 


TasBLe I 


Assay of carbon diozide-activating and HMG CoA cleavage enzymes 
in normal and biotin-deficient liver extracts 








Exot | ‘Preparation | Protein added | Artommey® | Tivemted 
mg. pmole pmole 
1* Normal 7.1 0.27 
Deficient | 0.26 
Normal 7.2 0.31 
Deficient 2 0.35 
2t Normal 15.0 0.71 
Deficient 15.0 0.73 
3t Normal 15.2 1.48 
Deficient 15.6 1.44 

















* In Experiment 1, the complete reaction mixture contained 2 
umoles of HMG CoA, 50 umoles of magnesium chloride, 10 umoles 
of glutathione, 5 wmoles of ethylenediaminetetraacetic acid 
(Versene), 400 umoles of potassium bicarbonate, and the normal 
or biotin-deficient liver preparation (bicarbonate extract pre- 
pared as described in the text) as indicated, in a final volume of 
3.0ml. The tubes, including controls without added HMG CoA, 
were flushed with nitrogen and incubated for 60 minutes at 38°. 
The reaction mixtures were deproteinized by the addition of 1.0 
ml. of 40 per cent trichloroacetic acid and aliquots were taken 
for the colorimetric estimation of acetoacetate by a modification 
of the method of Barkulis and Lehninger (13). 

t In Experiment 2, the reaction mixtures contained 500 umoles 
of potassium bicarbonate (or 500 umoles of Tris buffer, pH 8.1, in 
control tubes), 10 umoles of ATP, 50 wmoles of magnesium chlo- 
ride, 5 uymoles of Versene, 200 umoles of neutralized hydroxyl- 
amine, and the liver preparation (dialyzed alcohol-potassium 
chloride extract) as indicated, in a final volume of 3.05 ml. The 
tubes were incubated for 30 minutes at 38°, the reaction mixtures 
were deproteinized by the addition of 1.0 ml. of 40 per cent tri- 
chloroacetic acid, and aliquots were taken for the colorimetric 
estimation of phosphate (14). 

t In Experiment 3, the complete reaction mixture was identical 
to that in Experiment 2 except that Versene was omitted and 
4 wmoles of zinc acetate were substituted for the magnesium 
chloride. 


of phosphate liberated in control tubes in which Tris buffer, pH 
8.1, was substituted for bicarbonate. The carbon dioxide-acti- 
vating enzyme is obviously present at about the same concentra- 
tion in the extracts of the normal and biotin-deficient livers (Ex- 
periment 2). The data also indicate that zinc ions are more 
effective than magnesium ions in this reaction, as previously re- 
ported (Experiment 3). 

Absence of Carborylase in Biotin Deficiency—As shown in Table 
II, HIV CoA carboxylase activity is readily demonstrable in ex- 
tracts from normal rat livers but entirely absent from similar 
extracts prepared from the livers of biotin-deficient rats. Al- 
though it was known from the work described above that neither 
the cleavage nor the carbon dioxide-activating enzyme was lack- 
ing, the crude rat liver extracts were routinely supplemented 
with these partially purified enzymes (both free of the carboxyl- 
ase) to ensure that the assay was specific for the carboxylase. 
The liver extracts employed also contained enoyl hydrase (croto- 
nase), which is known to hydrate 6-methylcrotonyl CoA with 
the formation of HIV CoA (9). Accordingly, either of these syn- 
thetically prepared thiol esters could be employed in these ex- 
periments. 


J. F. Woessner, Jr., B. K. Bachhawat, and M. J. Coon 
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TaBLe II 
HIV CoA carbozylase activity of normal and biotin-deficient 
liver extracts 
Individual enzyme preparations were made from liver tissue 
for each of the experiments. 








Experiment No. Preparation Protein added | Acetoacetate 

mg. pmole 

1* Deficient 18.4 0 
Normal 14.3 0.56 

2t Deficient 21.2 0 
Normal 22.0 0.58 

3t Deficient + boiled 7.0 0 

juice 

4t Deficient 28.4 0 
Normal 28.8 0.81 
Normal 14.4 0.61 
Normal 7.2 0.38 
Deficient + normal 7.1, 7.2 0.27 
5t Normal 7.2 0.23 
Deficient + normal 7.1, 7.2 0.21 














*In Experiment 1, the complete reaction mixture contained 
3.2 umoles of 8-methylcrotonyl CoA, 20 umoles of ATP, 400 umoles 
of potassium bicarbonate, 50 umoles of magnesium chloride, 5 
umoles of Versene, 10 uwmoles of glutathione, partially purified 
carbon dioxide-activating enzyme (specific activity 10.6; 2.5 mg. 
of protein), and normal or biotin-deficient rat liver extract in the 
amount indicated, in a final volume of 3.0ml. The tubes, includ- 
ing controls without 8-methylerotonyl CoA or without enzymes, 
were flushed with nitrogen and incubated for 60 minutes at 38°. 
The reaction mixtures were deproteinized by the addition of 1.0 
ml. of 40 per cent trichloroacetic acid and aliquots were taken for 
the estimation of acetoacetate (13). 

t In Experiments 2, 3, 4, and 5, the reaction mixtures contained 
4 umoles of HIV CoA, 20 umoles of ATP, 400 umoles of potassium 
bicarbonate, 50 uymoles of magnesium chloride, 5 umoles of Ver- 
sene, 10 uwmoles of glutathione, 17-fold purified pig heart HMG 
CoA cleavage enzyme (3.9 mg. of protein), 8-fold purified pig 
heart carbon dioxide-activating enzyme (1.2 mg. of protein), and 
normal or biotin-deficient rat liver extract in the amount indi- 
cated, in a final volume of 3 ml. The boiled juice was prepared 
by heating the normal rat liver extract for 2 minutes in a boiling 
water bath and discarding the precipitate obtained upon cen- 
trifugation. 


Attempts to Restore Carborylase Activity of Biotin-Deficient Ex- 
tracts—The addition of a boiled juice prepared from the normal 
extract failed to restore carboxylase activity to the deficient ex- 
tract, and the individual addition of biotin, biocytin, N-carbamyl- 
glutamate, or N-acetylglutamate was also without significant ef- 
fect. Furthermore, in the presence of a limiting amount of the 
extract from normal animals supplementation with the extract 
from deficient animals failed to increase the carboxylase activity 
of the system (Table II, Experiments 4 and 5). From these 
findings it may be concluded that the carboxylase is either absent 
from deficient extracts, or if present as an apo-enzyme is not 
activated by the procedures employed. 

Conversion of 8-Methylvinylacetyl CoA to Acetoacetate—The ob- 
servation of Fischer (8) that 8-methylvinylacetate is converted 
to acetoacetate by liver mitochondria suggests that this com- 
pound, which is not known to be a leucine metabolite, is in some 
manner converted to HIV CoA. To test this possibility, syn- 








522 


thetically prepared 6-methylvinylacetyl CoA, R» 0.60 in ethanol- 
-, acetate (15), was incubated with crystalline enoyl hydrase and 
Yound to furnish a new thiol ester chromatographically indistin- 
guishable from HIV CoA (Rr 0.88). Since this enzyme has been 
shown by Stern and del Campillo (16) to hydrate both crotonyl 
CoA and vinylacetyl CoA, its corresponding action on the posi- 
tional isomers of-methylbutenoyl CoA is not surprising. Upon 
incubation of 4 ymoles of either 6-methylvinylacetyl CoA or 
HIV CoA with crude pig liver carboxylase (bicarbonate extract) 
in a reaction mixture otherwise similar to that described in Ta- 
ble II, acetoacetate was formed in the amount of 0.56 and 0.58 
umoles, respectively. These results are interpreted to mean that 
B-methylvinylacetyl CoA, like 6-methylcrotonyl CoA, is con- 
verted by the hydrase to HIV CoA, which in turn is carboxylated 
to furnish HMG CoA as a substrate for the cleavage enzyme. 


DISCUSSION 


A variety of carboxylation reactions are known to be affected 
by biotin deficiency. For example, this vitamin was found to be 
required for the carboxylation of pyruvate with the eventual 
formation of aspartic acid (17-22) and for the decarboxylation 
of 4-carbon dicarboxylic acids (23, 24). Ochoa and his associates 
(24) observed that the concentration of the malic enzyme was 
greatly reduced in livers of biotin-deficient turkeys, and that 
biotin could not be detected in the purest preparations of the 
enzyme. The latter finding led these workers to propose that 
the vitamin may function in the biosynthesis of the enzyme rather 
than as a coenzyme for carboxylation. Similarly, a purified prep- 
aration of the oxalacetic decarboxylase of Azotobacter was found 
by Plaut and Lardy (25) to contain only insignificant amounts of 
biotin. The utilization of carbon dioxide in purine synthesis 
also depends upon biotin as a nutritional factor (26). The aryl 
amine which accumulates in biotin-deficient yeast cells (27) has 
recently been identified as 4-aminoimidazole (28) and presumably 
is derived from the corresponding ribotide, a known intermediate 
in purine biosynthesis (29). 

Other reactions which are impaired in biotin deficiency include 
the decarboxylation of succinate by Propionibacterium pento- 
saceum (30) and the ATP-dependent fixation of carbon dioxide 
by propionate in liver mitochondrial extracts (31, 32). Methyl- 
malonate has been found as an intermediate in the latter process 
(33, 34), and more recent studies by Flavin et al. (35-37) have 
demonstrated that individual enzymes are concerned with the 
conversion of propionyl CoA in the presence of bicarbonate and 
ATP to methylmalonyl CoA (catalyzed by fluorokinase) and 
with the rearrangement of the latter thiol ester to furnish suc- 
cinyl CoA. In view of the results reported in the present paper, 
it would be of interest to know whether only the second of the 
two enzymes involved in the conversion of propionyl CoA to 
succinyl CoA is affected by biotin deficiency.?:* 


? Preliminary findings in this laboratory (38) indicated that 
fluorokinase, like the carbon dioxide-activating enzyme, is active 
in liver extracts from biotin-deficient rats. Since the former 
enzyme was found to be at a relatively low level in the extracts 
from the normal animals, however, additional experiments with 
some other tissue are needed before a conclusion can be reached 
on this point. 

’ Dr. Tietz has shown more recently that purified propionyl 
CoA carboxylase is free of fluorokinase, thereby indicating that 
the latter enzyme is probably not concerned with the activation 
of carbon dioxide for propiony] CoA carboxylation (54). 
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The role of biotin in citrulline synthesis (26, 39) is of particu- 
lar interest, since in this system, as in HIV CoA carboxylation, 
more than one enzyme is involved. Feldott and Lardy (40) 
found that biotin influences carbon dioxide fixation into citrul- 
line at a step before that at which N-carbamyl glutamate func- 
tions in the conversion of ornithine to citrulline. More recently 
it has been discovered that carbamyl phosphate participates in 
citrulline synthesis (41, 42), and Estes et al. (43) have reported 
that biotin deficiency in Streptococcus lactis results in diminished 
ability to convert carbamyl phosphate and ornithine to citrulline. 
On the basis of these findings and the observation that N-acyl 
glutamate derivatives are concerned in carbamyl phosphate syn- 
thesis (44-46) it appears that both of the enzymatic steps in the 
fixation of carbon dioxide into citrulline may be biotin-dependent. 

The results in the present paper clearly indicate that biotin 
participates in some manner in the carboxylation of HIV CoA 
by an “active carbon dioxide,” presumably adenyl carbonate 
(10).4 On the other hand, the vitamin appears not to be con- 
cerned with the actual fixation of carbon dioxide into adenyl 
carbonate. The significance of these observations with respect 
to the mechanism of action of biotin is not yet clear, since all 
attempts to restore carboxylase activity in the deficient liver ex- 
tracts have been unsuccessful. The present findings obviously 
are in accord with the earlier observations made in Lardy’s 
laboratory (6-8) that liver slices, homogenates, and mitochon- 
drial preparations from biotin-deficient animals fail to convert 
isovalerate and related 5-carbon acids to acetoacetate. Further- 
more, the report by Jacobsohn and Corley (47) that biotin is 
necessary for the incorporation of C-labeled dimethylacrylate, 
but not of C-labeled acetate, into cholesterol is in complete ac- 
cord with our present knowledge of the role of biotin in leucine 
metabolism. 


METHODS 


8-Hydroxyisovaleric acid was synthesized according to the di- 
rections of Bloch et al. (48), and 8-methylvinylacetic acid was 
prepared by Rev. G. W. Kosicki and Dr. F. P. Kupiecki accord- 
ing to the method of Wagner (49). The concentration of the 
CoA thiol esters of the various acids prepared by the general 
method of Wieland and Rueff (50) was estimated on the basis of 
sulfhydryl disappearance, as determined by the method of 
Grunert and Phillips (51). 

The carbon dioxide-activating enzyme and the HMG CoA 
cleavage enzyme were partially purified according to procedures 
described earlier (11, 12), and crystalline enoyl hydrase was pre- 
pared according to the directions of Stern et al. (52). The pro- 
tein concentration of the enzyme solutions was determined spec- 
trophotometrically with a correction for the nucleic acid content 


(53). 


4 Lynen and his associates (55-57) have recently made the im- 
portant finding that 8-methylcrotonyl CoA serves as substrate 
for an ATP-dependent carboxylation in extracts of a microorgan- 
ism and have demonstrated the interconversion of 8-methy]l- 
glutaconyl CoA and HMG CoA by a specific hydrase in animal 
tissues, plants, and microorganisms. Although on chemical 
grounds 8-methylcrotonyl CoA is obviously a more likely sub- 
strate for carboxylation than HIV CoA, the latter compound 
appears to be carboxylated directly in crude heart extracts freed 
of crotenase (9). A final conclusion on both this point and the 
nature of ‘‘activated carbon dioxide”’ in animal tissues (10) ap- 
parently must await further purification of the carboxylase. 
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Dr. Henry A. Lardy has informed us that male albino rats of 
the Sprague-Dawley strain were made biotin-deficient in his lab- 
oratory at the University of Wisconsin by being fed a diet 
(39, 40) containing 18 per cent raw egg white as a protein source. 
Normal control rats received a similar diet in which casein re- 
place the egg white. After the animals had been on the diet 8 
to 12 weeks and showed severe deficiency symptoms the livers 
were removed and shipped in the frozen state. 


SUMMARY 


1. The activity of the two enzymes required for the carboxyl- 
ation of B-hydroxyisovaleryl coenzyme A (CoA) has been de-+ 
termined in biotin deficiency. The carbon dioxide-activating 
enzyme is present at the same concentration in liver extracts 
prepared from normal or biotin-deficient rats, whereas 6-hydroxy- 
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isovaleryl CoA carboxylase is completely lacking in biotin de- 
ficiency. Apparently, therefore, the vitamin is concerned not 
with the actual carbon dioxide fixation into adenyl carbonate 
but with the carboxyl transfer. 

2. The activity of the 6-hydroxy-6-methylglutaryl CoA cleav- 
age enzyme is not affected in biotin deficiency. 

3. These results are in accord with observations in other lab- 
oratories that the conversion of leucine metabolites to acetoace- 
tate is blocked in biotin deficiency and that animals deficient in 
this vitamin are unable to synthesize cholesterol from 8-methyl- 
crotonate. 


Acknowledgment—The authors wish to acknowledge their in- 
debtedness to Dr. Lardy for furnishing these tissues and for his 
interest in these investigations. 
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There is much evidence to suggest that the structural and 
functional integrity of many biochemical materials is unaltered 
by freezing if the rate of cooling is rapid and the storage tem- 
perature low (2-6). Isolated enzymes and mixtures of enzymes 
and their substrates, after rapid freezing at low temperatures, 
often retain their activities and in some cases show enhanced 
activity upon thawing (7-9). Attempts to preserve complex, 
integrated systems, as represented by mammalian cells, by 
freezing and storage at low temperatures have been disappoint- 
ing (10, 11). Skin, ovary, testis, pituitary, and adrenal, how- 
ever, have been reported to give functional grafts or growths 
in tissue culture after being frozen slowly at —79° and —190° 
and stored at these temperatures (10-12). 

The effects of freezing and low temperature storage on the 
biochemical activities of isolated cell particulates have been 
investigated in a preliminary manner, Oxidative phosphoryl- 
ation by homogenates of rat liver was reported to be completely 
destroyed by freezing and thawing (13, 14). Hunter et al. (15) 
have stressed the importance of using freshly prepared mito- 
chondrial suspensions for demonstrating oxidative phosphoryla- 
tion. The qualitative results obtained by Loomis (16), how- 
ever, suggest the possibility of preserving the above capacities 
in suspensions of mitochondria after freezing and storage at low 
temperatures. The present report deals with the quantitative 
aspects of oxidative phosphorylation by mitochondria after 
freezing at various rates and temperatures, storage in the frozen 
state at various temperatures, and repeated freeze-thaw cycles. 


MATERIALS AND METHODS 


The mitochondrial fraction was prepared from the livers of 3 
month-old male albino rats according to the procedure of Klein 
and Johnson (17). Suspensions A and B were prepared by 
diluting the centrifuged, sedimented, mitochondrial fraction of 
1 gm. of liver in 4 ml. and 2 ml., respectively, of an 8.5 per 
cent solution of sucrose containing 3.5 x 10-5 m Versene (di- 
sodium salt of ethylenediaminetetraacetic acid), as recommended 
by Slater and Cleland (18). All preparative operations were 


* The data reported in this paper were secured in the course of 
an investigation sponsored by the Atomic Energy Commission, 
Contract No. AT (11-1)-148, St. Louis University. These data 
were reported, in part, at the meetings of the Federation of the 
American Society for Experimental Biology (1). 

t Some of these data have been taken from a thesis submitted in 
partial fulfilment of the requirements for the Degree of Doctor of 
Philosophy. Present address: Department of Biology, College of 
St. Thomas, St. Paul, Minnesota. 

¢ Present address: Department of Pathology, Marquette Uni- 
versity School of Medicine, Milwaukee, Wisconsin. 


carried out at 0-2°. Oxidative phosphorylation was measured 
by modification (19) of the technique of Lardy and Wellman 
(20). a-Ketoglutarate was used as the substrate for all deter- 
minations. 

Aliquots of the mitochondrial suspensions (0.8 ml.) were 
frozen rapidly by forcible ejection from pipettes into test tubes 
precooled to each respective temperature of freezing. Other 
aliquots were placed in tubes and frozen slowly by immersion 
in low temperature baths, with continuous swirling to distribute 
the materials evenly. The tubes were stoppered immediately 
after the introduction of the samples. Small samples were used 
so that the biophysical changes associated with each temperature 
would be similar for each aliquot. The methods used for freezing 
were operational and do not define the status of the materials. 
The value for controls were based on oxidative phosphorylation 
by the freshly prepared, untreated mitochondrial suspensions. 

The temperatures for freezing were obtained in the following 
manner: for —18° to —20°, a sludge of NaCl and crushed ice; 
for —38° to —42°, acetone with sufficient dry ice to maintain 
these temperatures; for —63°, chloroform with sufficient liquid 
air to form a sludge; for —76° to —78°, alcohol and dry ice; for 
—94°, acetone with sufficient liquid air to form a sludge; for 
—192°, liquid air. 

The temperatures of storage were those readily available 
in the laboratory: a deep-freeze box was used to attain a tem- 
perature of —40°, a dry-ice box for —76°, and a covered Dewar 
flask containing liquid air for —192°. Frozen samples were 
thawed by immersion in a constant temperature bath at 30° until 
melting was initiated. Thawed samples were placed in an ice 
bath until used (1 to 3 minutes). 

It is not known whether the distribution curves are normal 
for the esterification of phosphate and the uptake of oxygen, in 
a set of samples of suspensions of mitochondria. It is known, 
however, that the means of a series of samples drawn from a 
non-normally distributed parent population will show a close 
approximation to a normal distribution. In practice, this 
deviation of the distribution of means and mean differences from 
the normal curve is commonly so small as to be of trivial con- 
sequence in the calculation of probabilities. Therefore, the 
mean values of micromoles of phosphorus esterified and micro- 
atoms of oxygen used, and their standard errors, were computed 
by the usual statistical formulas. The statistics shown in 
Tables I to IV were based on nine determinations. 

The equation used for determining the standard error of the 
quotient, P:O, was as follows (21): 
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TaBLeE I 
Oxidative phosphorylative capacities of mitochondria (Suspension A) after freezing at various temperatures 
Frozen slowly Frozen rapidly 
Temperature of f 4 
Phosphorus Oxygen P:O ratio Phosphorus Oxygen P:O ratio 
degrees umoles patoms pmoles atoms 
—20 4.8 + 0.51 1.9 + 0.53 2.52 + 0.75 5.1 + 0.60 2.6 + 0.42 1.96 + 0.39 
—40 12.7 + 0.60 5.8 + 0.58 2.18 + 0.24 5.7 + 0.47 3.5 + 0.56 1.62 + 0.29 
—63 13.1 + 0.48 8.1 + 0.58 1.61 + 0.13 10.8 + 0.52 6.9 + 0.41 1.56 + 0.12 
—94 12.4 + 0.50 5.0 + 0.63 2.48 + 0.29 11.6 + 0.45 5.7 + 0.49 2.03 + 0.19 
—192 14.7 + 0.65 6.8 + 0.55 2.16 + 0.19 11.6 + 0.48 6.1 + 0.62 1.90 + 0.25 
Control... .. 18.6 + 0.69 8.1 + 0.53 2.29 + 0.17 
Where: frozen slowly at the other temperatures. No loss in the ability 


Xp = the mean value for the esterification of phosphorus 
x o = the mean value for the uptake of oxygen 

Xp 
Xo 

CxXp/Xo = "Epi = the standard error of the P:O ratio 
ox, = the standard error of the mean of the esterification 
of P 
o%, = the standard error of the mean of the uptake of O 


= Xpio = the mean P:0O ratio 


To test the statistical significance of the difference between 
means, the mean difference, X, — Xs, was divided by the 
standard error of the difference, oz, + oy,» ox, and ox, 
being the standard errors of the means of the first and second 
samples, respectively. A quotient of 2.58 or greater, connoting 
that a mean difference of the magnitude obtained would be 
expected to occur by chance only one time, or less, in 100, was 
considered to indicate a real difference. 


RESULTS 

The ability of Suspension A to esterify phosphate was sig- 
nificantly less than that of the controls for each temperature and 
both rates of freezing used (Table I). The uptake of oxygen, 
on the other hand, was not significantly different from that of 
the control in suspensions frozen slowly at —63° and —192° 
or frozen rapidly at —63°. The mean values for utilization of 
oxygen by suspensions frozen slowly or rapidly at the remaining 
temperatures were significantly lower than the mean value of the 
control. 

Phosphorylation by Suspension A, frozen slowly at —40°, 
—63°, or —192°, was significantly greater than in suspensions 
frozen rapidly at these temperatures; it was not significantly 
different from those frozen slowly or rapidly at —20° and —192°. 
The variations in the mean values for the uptake of oxygen by 
Suspension A, frozen slowly or rapidly at a given temperature, 
were not statistically significant. 

The phosphorylative capacity of Suspension A, frozen slowly 
at —20°, was 25.8 per cent of that of the control and signifi- 
cantly lower than the values obtained for the suspensions 
frozen slowly at —40°, —63°, —94°, and —192°. The variations 
in the mean values for phosphorylation at these latter tempera- 
tures were not statistically different; the retained phosphoryla- 
tive capacity for these lower temperatures averaged 71.1 per 
cent of the control viaue. 

The mean value for oxygen uptake by Suspension A, frozen 
slowly at —20°, was 23.4 per cent of the control and signifi- 
cantly lower than the values for this measurement for suspensions 


to utilize oxygen was found in suspensions frozen slowly at —63°. 
The variations in the mean values for oxidation by Suspension 
A, frozen slowly at —40°, —94°, and —192° were not statistically 
valid, the retained oxidative capacities at these lower tempera- 
tures averaging 71.6 per cent of the control. 

The retained phosphorylative capacities of Suspension A, 
frozen rapidly at —20° and —40°, were 27.4 and 30.6 per cent 
of the control, respectively. The difference in mean values was 
not statistically meaningful. The above means were, however, 
significantly lower than those of suspensions frozen rapidly at 
—63°, —94° and —192°. The variations in phosphorylation 
by mitochondria frozen rapidly at these latter temperatures, 
with retained phosphorylation measurements centering at 60.7 
per cent of the control, were not statistically significant. 

Uptake of oxygen by mitochondria (Suspension A), frozen 
rapidly at the above temperatures, paralleled closely the es- 
terification of inorganic phosphorus with respect to retained 
capacities and statistical validity of mean differences. 

The P:O ratios of Suspension A, frozen slowly or rapidly 
at —63°, were significantly lower than that of the control. The 
differences in quotients were not statistically meaningful at the 
other temperatures for either rate of freezing. 

A significant decrease (27.6 per cent less than control) in the 
ability of Suspension A to esterify inorganic phosphate occurred 
after slow freezing at —192° and storage at this temperature 
for 120 hours (Table II). The value for this measurement 
was not, however, statistically different from that for phos- 
phorylation after slow freezing at —192° and thawing imme- 
diately after. The phosphorylative capacity of mitochondrial 
suspensions treated similarily and stored at —76° for 120 hours 
was significantly lower than that of suspensions stored at — 192°. 


TaBLe II 
Oxidative phosphorylative capacities of mitochondria (Suspension 
A) frozen slowly at —192° and stored for 120 hours 











. | 
sagee— + - 4p Phosphorus Oxygen P:0 ratio 
moles patoms 
Frozen and immedi- 
ately thawed..... 10.9 + 0.62 | 5.1 + 0.64 | 2.13 + 0.12 
Stored at: 
A cis c.5 watbdb dab : 0.0 0.0 
a eer 7.8 + 0.40 | 2.5 + 0.51 | 3.12 + 0.65 
II asthe nictiststs ceed 10.0 + 0.59 | 4.6 + 0.38 | 2.17 + 0.22 
oe 13.8 + 0.39 | 6.1 + 0.54 | 2.26 + 0.21 
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TaBLeE III 


Oxidative phosphorylative capacities of mitochondria (Suspension 
B) frozen slowly and stored for 120 hours 














ae oy ei Y Phosphorus Oxygen P:0O ratio 
degrees degrees pmoles patoms 
—76 —76 ; 14.8 + 0.61 | 7.9 + 0.59 | 1.87 + 0.16 
—192 —76 14.9 + 0.52 | 7.5 + 0.56 | 1.98 + 0.16 
—192 —192 18.6 + 0.69 | 8.6 + 0.63 | 2.16 + 0.18 
Control............ 19.4 + 0.66 | 8.5 + 0.65 | 2.28 + 0.19 














Utilization of oxygen was not significantly altered by slow 
freezing at —192° and immediate thawing thereafter, nor by 
storage at —192° for 120 hours. A significant decrease in 
oxidative capacity was observed in mitochondria (Suspension 
A) stored at —76°. 

The capacity of mitochondria to carry out oxidative phos- 
phorylation was lost in those suspensions stored at —40° after 
slow freezing at —192°. 

The variations in P:O ratios were not statistically valid. 
Oxidative phosphorylation by Suspension B was not changed 
significantly by slow freezing at —192° and storage at this 
temperature for 120 hours (Table III). The average 24 per 
cent loss in the phosphorylative capacity of Suspension B, 
frozen slowly at —76° and —192° and stored at —76° for 120 
hours, was statistically significant; the 7 per cent loss in oxida- 
tive capacity was not. The variations in the P:O ratios were 
indifferent statistically. 

The effect of successive cycles of slow freezing at —192° and 
immediate thawing thereafter on oxidative phosphorylation by 
Suspensions A and B was investigated (Table IV). The average 
phosphorylative capacity of Suspension A decreased 12 per cent 
with each cycle. The values obtained, with the exception of 
the first cycle, were significantly lower than that of the control. 
Oxidation values, in general, showed a decrease with each freeze- 
thaw cycle; and those measurements related to the third and 
fourth cycles were significantly lower than the control value. 

A regular pattern in the changes in phosphorylation by 
Suspension B for successive cycles of freezing and thawing was 
not observed. The values for the second and third cycles 
were not significantly different from the control values, although 
those of the first and fourth cycles were significantly lower. 
The variations in the measured values for oxidation were not 
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DISCUSSION 


Our data indicate that the activity of mitochondria, as 
measured by oxidative phosphorylation, was retained at a 
higher level by slow freezing. The interpretation of biophysical 
phenomena associated with the reactions of cells to low tem- 
peratures, therefore, must concomitantly take into consideration 
the effects of temperature and rates of cooling on cellular com- 
ponents. Thus, the preferential survival of cells frozen slowly 
(22-27) may be, in part, a function of the preservation of the 
morphological integrity and the biochemical activities of mito- 
chondria. Further work will be necessary to determine whether 
the parallelism in the effects of freezing and low temperature 
storage on intact cells and mitochondrial suspensions holds also 
for mitochondria in situ. 

The ability of mitochondrial suspensions to esterify inorganic 
phosphate and to utilize oxygen was found to be dependent 
upon the temperature of freezing and storage. Following the 
losses in activity associated with freezing, further changes 
occurred during storage which were maximal at —40° and mini- 
mal at —192°, with —76° being intermediate. It appears, there- 
fore, that mitochondrial preparations react to freezing and 
storage in a manner similar to that reported for less complex 
biochemical entities (28-32). 

Studies with the electron microscope have shown that mito- 
chondria possess a well formed membrane (33, 34). Many of 
the activities of mitochondria in the intact cell may depend upon 
diffusion and transport through this well defined structure in a 
manner similar to that observed for cells (35, 36). The complete 
loss of activity in mitochondria stored at —40° and the partial 
loss at a —76° may be, in part, a reflection of changes in the 
selective permeability of this membrane, resulting in abnormal 
migration of essential intermediate metabolites and mito- 
chondrial components. Thus, the same processes that lead to 
the death of cells at low temperature may be responsible for the 
loss of activity of mitochondria stored at these same tempera- 
tures. 

These data show also that the freezing of mitochondria 
dissociates phosphorylation from oxidation. In those cases 
where the P:O ratio is not significantly different from that of the 
control, the differences in the percentages of retained activities 
of phosphorylation and oxidation are of the order of a few per 
cent. Where the P:O ratios are significantly less than that of 
the control, the order is 20 per cent or greater. Thus, the 
decline in P:O ratio indicates a relatively greater decrease in 
the esterification of inorganic phosphate than in the utilization 























statistically valid. of oxygen. The implication is that the mitochondrial com- 
TaBLe IV 
Effect of cyclic freezing (—192°) and thawing on oxidative phosphorylation by suspensions of mitochondria 
a ee a Suspension A Suspension B 
cycles 
Phosphorus Oxygen P:O ratio Phosphorus Oxygen P:O ratio 
umoles patoms pmoles pwatoms 
1 12.6 + 0.57 5.4 + 0.34 2.33 + 0.18 15.7 + 0.53 7.7 + 0.56 2.03 + 0.16 
2 11.1 + 0.42 5.7 + 0.36 1.94 + 0.14 19.3 + 0.61 9.2 + 0.64 2.09 + 0.16 
3 10.4 + 0.30 4.4 + 0.24 2.36 + 0.14 19.5 + 0.66 8.3 + 0.55 2.34 + 0.17 
4 8.9 + 0.39 4.1 + 0.31 2.17 + 0.18 17.4 +0.58 7.7 + 0.48 2.25 + 0.15 
Control 14.8 + 0.78 6.6 + 0.45 2.24 + 0.18 21.1 + 0.70 | 9.4 + 0.64 2.24 + 0.17 
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ponents concerned with phosphorylation are more labile, in 
terms of freezing, than are those concerned with oxidation. 
The use of oxygen uptake as the sole criterion of activity in the 
determination of the effects of freezing and thawing on biological 
materials may lead to erroneous conclusions. 

The process of freezing cellular particulates and enzymes by 
rupturing cells through the use of violent excursions of tempera- 
ture (cyclic freezing and thawing) is a basic technique of bio- 
chemists and virologists. The present investigations indicate 
that the temperatures and rates of freezing play an important 
role in the retention of the ability of mitochondrial preparations 
to carry out oxidative phosphorylation. Similar dependencies 
have been noted for retention of infectivity of the PR8 strain of 
influenza virus (37). Therefore, when freezing and thawing are 
used to break up cells, it will be necessary to determine tem- 
peratures and rates of freezing and thawing which give maximal 
values before quantitative statements can be made concerning 
the recovery of cellular particulates, the retention of enzymatic 
activities, or the number of infective virus particles per cell. 

The feasibility of using a mitochondrial preparation for 
successive experiments was tested by determining the effects of 
repeated freezing and thawing on oxidative phosphoi: ation. 
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The protective action of increased concentrations of native 
protein may account for the relative stability of the “B” mito- 
chondrial suspensions. Similar agents have been reported to 
minimize the damage to cells and enzymes during freezing and 
low temperature storage (38). 


SUMMARY 


Quantitative data were obtained for oxidative phosphoryla- 
tion by suspensions of mitochondria after rapid and slow freezing 
at various temperatures, storage in the frozen state at several 
temperatures, and repeated freeze-thaw cycles. Oxidative 
phosphorylation was preserved at higher levels in suspensions 
that were frozen slowly than in those frozen rapidly. The 
oxidative phosphorylative capacities of suspensions frozen slowly 
at —192° (the rate and temperature found to minimize losses) 
were not altered by storage at this temperature for 120 hours. 
Although the average oxidative phosphorylative capacities of 
dilute suspensions decreased with each cycle of freezing and 
thawing, a regular pattern of change in phosphorylation by more 
concentrated suspensions was not observed. Variations in the 
measured values for oxidation were not statistically significant. 
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The Preparation of Renal Extracts Effective in Reducing 
Blood Pressure in Experimental Hypertension 
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The capacity of certain renal extracts to lower the blood 
pressure in experimentally induced hypertension has been de- 
scribed (1), but the study and use of such extracts has been ham- 
pered by the small yield obtained from renal tissue and the 
difficulty of concentrating this activity. The present paper 
reports an improved procedure for preparing active extracts 
and the purification of these to a form suitable for chemical 
study and for attempts at isolation of the active hypotensive 
principle. 


EXPERIMENTAL 


Preparation of Renal Extract—Fresh pork kidneys, immediately 
on removal from the body, are ground into acetone containing 
1.6 ml. of concentrated HCl per liter, 0.9 liter of acetone being 
used per pound of kidney tissue. The active principle is rapidly 
destroyed after death since little or no activity is obtainable 
from kidneys that, although frozen promptly, are not processed 
immediately after slaughter of the animal. The active principle 
is also unstable in alkaline media and hence acid is added to 
the acetone. Heating also destroys the active principle and 
all distillations are therefore carried out in vacuo at a tempera- 
ture not exceeding 50°. The finely ground suspension of tissue 
is shaken at intervals and allowed to stand overnight at 5°. 
It is then filtered through gauze and the residue reextracted 
twice overnight with 0.3 liter of a mixture of 2 volumes of acetone 
and 1 volume of water per pound of original kidney tissue. 

The combined aqueous acetone extracts are filtered and con- 
centrated in vacuo at a temperature not in excess of 50°. After 
chilling in the refrigerator overnight the aqueous concentrate 
is again filtered. It contains 5.5 to 6.0 gm. of solid in a volume 
of about 150 ml., per pound of kidney. It is extracted three 
times with yy of its volume of petroleum ether (Skellysolve B) 
and the supernatant layers are discarded. The aqueous lower 


TasBie I 


Solid content of various fractions of extract obtained from 40 pounds 
of kidney by first countercurrent distribution as described in tezt 








Tube Nos. Solid content Tube Nos. Solid content 
gm. gm. 
0-5 0.31 31-35 3.56 
6-10 0.75 36-40 1.90 
11-15 3.56 41-45 1.45 
16-20 7.25 46-50 1.60 
21-25 9.05 51-55 1.25 
26-30 8.82 56-60 1.95 














layer is extracted 20 times with 5 ml. of sec-butanol per pound 
of original tissue and the aqueous layer discarded. 

The combined sec-butanol extracts which have a solid content 
of approximately 1.5 gm. per pound of kidney tissue are con- 
centrated to about 4 of their original volume, placed in the 
refrigerator overnight, and filtered. The filtrate is diluted with 
an equal volume of water and distilled in vacuo at 40° until all 
the organic solvent is removed and the remaining aqueous ex- 
tract further concentrated to a volume of about 5 ml. per pound 
of original kidney tissue. The crude extract thus obtained has a 
solid content of about 1.0 gm. per pound of original kidney tissue. 
It is assayed on hypertensive rats by mixing with the animals’ 
food as described previously (1, 2). The equivalent of 1 to 2 
pounds of kidney are required to lower the blood pressure of 
one rat significantly for a period of 2 to 4 days; the administra- 
tion of the extract derived from 5 to 10 pounds of fresh kidney 
tissue results in a more profound and protracted decline in the 
blood pressure which does not return to its pretreatment level 
for 7 to 10 days. It is this prolonged decline in blood pressure, 
which reaches its maximum about 24 hours after the animals 
have completed ingesting the mixture of food containing the 
extract, that is characteristic of the hypotensive principle derived 
from renal tissue and distinguishes it from other hypotensive 
agents which may induce brief periods of hypotension with no 
latent period (8). 

Purification of Extract by Countercurrent Distribution—Counter- 
current distribution between water and sec-butanol has proved 
most useful in the purification of the crude extract obtained as 
just described. The extract derived from 40 pounds of kidney 
tissue in a volume of 300 ml. of sec-butanol is placed in the first 
upper 3 tubes (100 ml. in each tube) of a 30 tube Craig counter- 
current apparatus. An equal volume (100 ml.) of distilled 
water (saturated with sec-butanol) is placed in the 3 lower tubes 
and the extract distributed, withdrawing the top layers. The 
peak of activity is found in Tubes 20 through 29. Fractions in 
Tubes 1 through 9 and 40 through 59 are inactive and are dis- 
carded. The solid content of the various fractions is shown 
in Table I. 

Redistribution of the active fractions (Tubes 20 to 29) ob- 
tained as described above leads to a further purification. For 
this purpose, the active aqueous extract concentrated to a 
volume of 100 ml. is placed in the first tube of the countercur- 
rent apparatus which is filled with sec-butanol and water. 30 
top layers are withdrawn and replenished so that Tubes 0 through 
29 contain both a top (butanol) and bottom (water) layer. 
This distribution showed three distinct peaks of solid content 
at Tubes 16, 20, and 28 with a possible fourth peak at 25. The 
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maximum activity was found in Tubes 30 through 39, Tubes 
0 to 9 being inactive and Tubes 10 through 29 and 40 through 
59 showing only traces of activity. The effect of administering 
the combined extract of Tubes 30 through 39 obtained from 40 
pounds of kidney (total solid content, 0.5 gm.) to six hyper- 
tensive rats is shown in Fig. 1, which illustrates a typical assay. 
As a control, the absence of activity in Tubes 0 through 9 (solid 
content, 1.7 gm.) is also shown in Fig. 1. 


DISCUSSION 


The role of the kidney in the pathogenesis of hypertension is 
well established and the available evidence is compatible with 
the theory that this organ might elaborate an agent which would 
have an ameliorative effect in hypertensive disease (4). The 
use of renal extracts capable of reducing the blood pressure of 
hypertensive animals is not practical clinically because of the 
meager amount of active material obtainable from kidney tissue. 
Isolation, identification, and synthesis of the active agent is 
thus essential for progress in this field. The preparations 
described in the present paper offer a starting point for this goal. 

Since we have not been able as yet to isolate the principle in 
renal extracts which is responsible for its hypotensive activity, 
any consideration of its probable chemical nature would be 
premature. The active principle is obviously not a protein 
since it is active when administered orally. Preliminary studies 
by paper chromatography indicate a mobility comparable to 
that of the smaller peptides. The active principle is non- 
volatile and passes through a collodion membrane. Further 
studies aimed towards isolation and identification of the active 
principle are under way. 
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Fie. 1. Assay curve to show the hypotensive action of a puri- 
fied renal extract obtained by extraction and counter current dis- 
tribution of 40 pounds of fresh pork kidneys. The lower curve 
(O——O) gives the average systolic blood pressure readings of a 
series of six hypertensive rats receiving the active fraction; the 
upper curve (@--—-@) was obtained simultaneously from another 
series of six rats receiving an inactive fraction of the same extract. 
The extracts were administered at the point indicated by the ar- 
row as day 0 on the abscissa and was consumed, mixed with the 
animals’ food, during days 1 and 2 of the experiment. Readings 
preceding day 0 indicate control values obtained before beginning 
the assay. 


SUMMARY 


Methods are described for the preparation and concentration 
of renal extracts effective in lowering the blood pressure of 
hypertensive rats. By successive extractions with organic 
solvents and countercurrent distribution between sec-butanol 
and water, relatively purified preparations are obtainable. 
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A Highly Specific Test for Creatinine 
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In 1939, Sullivan and Irreverre (1) presented a preliminary 
report on a new highly specific test for creatinine. The test de- 
pends upon the reaction of creatinine with 1 ,4-naphthoquinone- 
2-potassium sulfonate. 


MATERIALS AND METHODS 


Procedure—To 2 ml. of an aqueous 0.1 n HCl solution con- 
taining 0.125 mg. of creatinine per ml., add 1 ml. of a freshly pre- 
pared 2 per cent aqueous solution of 1,4-naphthoquinone-2-po- 
tassium sulfonate, 0.6 ml. of 1 per cent solution of colorless 
a-naphthol in 95 per cent ethyl alcohol, and 1 ml. of n NaOH. 
Shake gently for 2 to 5 minutes, then add 2 ml. of 90 per cent 
formic acid and 2 ml. of concentrated HCl]. Cool and add 3 to 
5 ml. of methylene chloride. Shake vigorously and let stand, or 
centrifuge, to separate. Draw off the lower methylene layer. 
In the presence of creatinine, the methylene chloride layer ex- 
hibits a carmine color, whereas all other compounds tested, ex- 
cept indole and acetone, yielded either no color or a faint yellow 
color. The color given by indole and acetone is an orange-red, 
which is quite different from that given by creatinine. 

Specificity of Sullivan-Irreverre Reaction—The reaction of cre- 
atinine with 1 ,4-napthoquinone-2-potassium sulfonate was used 
to test biological compounds unrelated to creatinine, compounds 
somewhat related to creatinine, and various creatinine congeners. 
For comparison, use was made of other creatinine tests: the 
Jaffe-Folin (2, 3) picric acid procedure, and the 3,5-dinitroben- 
zoic acid method made use of by Benedict and Behre (4), and 
independently by Langley and Evans (5), and Bolliger (6). 

The following compounds at a concentration of 1 mg./ml. gave 
no color with any of the tests: carnosine, canavanine, dimethyl- 
amine HCl, cyanamide, glutamic acid, lysine, alanine, histidine, 
arginine, valine, phenylalanine, tryptophan, tyrosine, leucine, 
proline, serine, glycine, methionine, cystine, aspartic acid, sar- 
cosine, threonine, ergothioneine, thioacetone, tyramine, guani- 
dine HCl, mono-, di-, and tetramethyl guanidine, agmatine, gly- 
cocyamine, and creatine. 

In contrast to the Sullivan-Irreverre procedure, the Benedict- 
Behre (4) procedure gives a red color with glycocyamidine, hy- 
dantoin, thiohydantoin, hydantoin derivatives of various amino 
acids made according to Dakin (7), and with methyl-isothiourea 
sulfate. In addition to yielding a red color with these prepara- 
tions, the picric acid test gives color also with methylamine, 


* Present address: National Institutes of Health, Bethesda, 
Maryland. 

Data presented here were taken in part from the dissertation 
of Filadelfo Irreverre submitted to the Department of Chemistry 
in partial fulfillment of the requirements for the degree of Doctor 
of Philosophy, Georgetown University, Washington, D. C. 


isobarbituric acid, amino guanidine, and para-amino hippurate. 
Thioacetamide gives a red color upon standing. 

In the Sullivan-Irreverre test, the interfering substances, in- 
dole and acetone, can be eliminated by extraction with toluene 
or by the adsorption procedure of Gaebler (8). 

For a further study of the specificity of the Sullivan-Irreverre 
reaction, compounds rather closely related to creatinine were 
made and tested by three procedures. The results are given in 
Table I. 

Table I illustrates the fact of the greater specificity of the 
Sullivan-Irreverre procedure. The findings in this table raise 
some question as to the relation of the keto-enol tautomerism in 
the -CH; -CO group to the red color given by creatinine and 
NaOH as put forth by Greenwald and Gross (9). In our hands 
a negative finding was obtained with 6-alacreatinine and 8-meth- 
ylguanidopropionic acid anhydride in all the procedures used. 

Preparation of Compounds Employed—1 ,4-naphthoquinone-2- 
potassium sulfonate was prepared according to the procedure of 
Fieser and Fieser (10), asymmetrical dimethylurea by the pro- 
cedure of Davis and Blanchard (11), glycocyamidine hydro- 
chloride and alacreatinine by the procedure of King (12), B-ala- 
creatinine according to the procedure of Mulder (13) and Holm 
(14), methyl and dimethylcreatinine by the procedure of Kunze 
(15), homocreatinine and 6-methylguanidopropionic acid anhy- 
dride according to the procedure of Gansser (16) . 

The 1,4-naphthoquinone-2-potassium sulfonate procedure of 
Sullivan and Irreverre was applied to the urine. Owing to the 
volatility of the methylene chloride, it was found advisable to do 
the reaction in a 30 ml. separatory funnel. The stem of the fun- 
nel was cut off to within 1 inch of the stopcock so that the funnel 
could be introduced into the large centrifuge cup in order to as- 
sure a thorough separation of the two layers. 

Creatinine in Urine—Creatinine was determined in a number 
of normal urines, part-day samples (approximately 3 hours), from 
males of widely different ages. The values found by the three 
methods, Sullivan-Irreverre, Benedict-Behre, and Jaffe-Folin, 
were practically identical. It is evident that the various inter- 
fering substances in the Jaffe-Folin and the Benedict-Behre pro- 
cedures do not occur in normal urine. 

In a study of three cases of muscular dystrophy and five cases 
of prostatic hypertrophy, the urine was collected for 24 hours 
and the creatinine was determined. The findings by the Sulli- 
van-Irreverre procedure were in general the same as those de- 
termined by the Benedict-Behre procedure. Both of these 
procedures gave slightly lower values than the procedure of Jaffe- 
Folin. 

The three methods are based on entirely different principles. 
The agreement of the results obtained therewith for the normal 
and abnormal urines studied is good evidence that these methods 
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are estimating creatinine. In general, the Jaffe-Folin procedure 
gave higher values than did either the Sullivan-Irreverre or the 
Benedict-Behre methods. This finding suggests that urine con- 


Tasie I 


Comparison of reaction of various congeners of creatinine in 
three procedures 

















Congener ——4 be 
1. Creatinine 
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NH—C=0 
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TABLE I—continued 
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tains some other material which reacts as does creatinine with 
alkaline picrate. To settle this point, the enzymic method of 
Dubos and Miller (18, 19) was used. This method depends upon 
the alkaline picrate procedure. 

An active preparation (NC) was obtained from Dr. Dubos. 
When this preparation was cultured, as recommended by Miller 
et al. (20), it was found that 0.3 ml. of the enzyme suspension 
destroyed 0.5 mg. of creatinine in 1 hour of incubation at 37°, 
at pH 7. Determinations of creatinine were made on part-day 
samples of five normal urines and on urines of two patients diag- 
nosed by the attending physician as possible cystinurics. For 
our purpose, 5 ml. of each urine were diluted to 20 ml. 

In the enzyme experiments a 0.5 ml. aliquot of each dilute 
urine sample was mixed with 0.5 ml. of the enzyme preparation, 
0.5 ml. of buffer at pH 7, and water to a volume of 10 ml. After 
incubation for 1 hour at 37°, the enzyme mixture was centrifuged 
and the supernatant solution was tested by the alkaline picrate 
procedure. Each tube containing the enzyme gave no color with 
the picrate. This finding indicates that all the chromogen re- 
acting with picric acid and alkali is creatinine. 

Despite some variations between the methods in the individual 
cases, the findings by the Sullivan-Irreverre, Benedict-Behre, 





532 














TaBLeE II 
Apparent creatinine in blood 
a Sullivan- | Jaffe-Folin | Benedict- 
Subject Condition Irreverre (alkaline (3,$-dinitro- 
(quinone) picrate) benzoate) 
mg. per 
100 ml. 
i A Cee Normal 1.23 1.64 1.36 
err Normal 1.53 1.39 1.18 
__ Seer eee Normal 1.17 1.39 1.18 
|" SPs eee Normal 1.30 1.61 1.20 
ae ee Normal 1.20 1.44 1.15 
COO. ieee Normal 1.20 1.41 1.16 
__ Se Peer Hypertension 1.43 1.69 1.22 
PW a sidesed Hypertension 1.18 1.29 1.07 
ND cswtdeuscecnwmaeiess 1.28 1.48 1.19 
PU I inc ici ccscclecesses 100 116 93 














* The percentage relationship is based upon the assumption 
that the Sullivan-Irreverre method gives 100 per cent. 


and the Jaffe-Folin procedures were identical on the average, as 
judged by the Duboscq and the Klett-Summerson colorimeters.! 

Because results from the highly specific Sullivan-Irreverre pro- 
cedure agree with those from the other procedures, the conclu- 
sion can be drawn that creatinine constitutes practically 100 per 
cent of the chromogenic material that plays a role in the various 
methods applied to normal urine. 

The question of creatinine in blood was next investigated. 
There has long been a controversy as to whether or not creatinine 
occurs in blood. Its presence in small amounts was affirmed by 
Shaffer and Reinoso (21), Folin and Denis (22), Myers and Fine 
(23), Gettler and Baker (24), Zacher] and Lieb (25), Ferro-Luzzi 
(26), Hayman et al. (27), Danielson (28), Langley and Evans (5), 
and Dubos and Miller (18). However, it was questioned by 
Behre and Benedict (29, 30), Gaebler (8), and Bohn and Hahn 
(31) on the grounds that blood filtrates contain other chromo- 
genic compounds which react as does creatinine with picric acid 
and NaOH. 

Preparation of Blood Filtrates—In a preliminary trial, 10 ml. 
of blood were collected in a tube which contained sodium oxalate 
to prevent clotting. To this blood were added 1.32 ml. of 5 n 
H,SO, and 3.6 ml. of water. The mixture was stirred before 
and after addition of 10 ml. of 10 per cent sodium tungstate 
solution, and then centrifuged for 5 minutes. The supernatant 
solution was filtered on a small Hirsch porcelain funnel by suc- 
tion. 

To 2 ml. of blood filtrate in one separatory funnel and to 2 
ml. of creatinine solution (0.02 mg.) in another, were added 2 
ml. of a 2 per cent aqueous solution of 1,4-naphthoquinone-2- 
potassium sulfonate, together with 0.6 ml. of 1 per cent a-naph- 
thol in 95 per cent alcohol, followed by 2 ml. of n NaOH. The 
separatory funnels were stoppered and shaken for 3 to 5 minutes. 
Then 2 ml. of formic acid and 2 ml. of concentrated HCl were 
added to each of the mixtures which were shaken again thor- 
oughly and cooled under tap water. Finally, a 3 to 5 ml. por- 
tion of methylene chloride was added to each, and the whole was 


1 Most of the readings were with the Duboscq colorimeter but 
greater sensitivity and accuracy might be obtained with the 
Evelyn photoelectric colorimeter or a spectrophotometer. 
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shaken vigorously, centrifuged, and each methylene chloride 
layer drawn off into cups or tubes for colorimetric reading. 

The color development was slight; accordingly, weak standard 
solutions of creatinine were made. It was found that when the 
amounts of creatinine are less than 0.03 mg. per 2 ml. of solu- 
tion, the color produced is not directly proportional to the cre- 
atinine content. This is true for the quinone procedure and es- 
pecially for the picrate procedure as employed by Langley and 
Evans (5). Calibration curves were made but readings from 
the curves were considered unreliable. Therefore, the unknowns 
were matched against standards selected to give comparable 
values. In the quinone procedure, one set of determinations 
with the Evelyn photoelectric colorimeter gave a straight line 
with 0.01 to 0.1 mg. of creatinine per ml. 

In order to get some insight into the question of creatinine in 
the blood, deproteinized blood filtrates were analyzed by three 
procedures. Then the creatinine of another aliquot for each 
filtrate was removed by Lloyd’s reagent and determined after 
liberation from the adsorbent by use of MgO as described by 
Gaebler (8) and utilized by Benedict and Behre (4), Langley and 
Evans (5), and Fisher and Wilhelmi (32). For the purposes of 
comparison, a 5 ml. portion of normal blood was deproteinized 
by addition of 40 ml. of 0.1 nw H,SO, and 5 ml. of the 10 per cent 
sodium tungstate and filtered on a small Buchner funnel. 20 ml. 
of the filtrate, 1 ml. of 2 n oxalic acid, and 80 mg. of Lloyd’s 
reagent were shaken for 10 minutes, centrifuged, and decanted. 
The sides of the tube and the sediment were washed with a total 
of 7 ml. of water, centrifuged, and decanted. To the sediment 
were added 50 mg. of MgO and 6 ml. of water. After stirring 
well, the mixture was centrifuged and the supernatant solution 
was used for creatinine determination. The findings, using 2 
ml. of standard creatinine (0.01 mg. per ml.) and 2 ml. of blood 
extract, gave values of 1.36 mg. of creatinine per 100 ml. of blood 
by the Sullivan-Irreverre method, and 1.33 mg. by the Benedict- 
Behre procedure. A second normal blood was deproteinized and 
the filtrate was treated with Lloyd’s reagent as above. The 
creatinine was freed with MgO and 10 ml. of water and then 
measured. Values per 100 ml. of blood were as follows: quinone 
reaction, 1.14 mg.; picrate procedure, 1.16 mg.; 3 ,4-dinitrobenzo- 
ate, 1.02 mg. These two experiments support the conclusion 
that creatinine occurs in blood. 

Creatinine determinations were then performed on the depro- 
teinized blood of six persons who were apparently normal and two 
persons with hypertension, without treatment with Lloyd’s re- 
agent, with results as given in Table II. 

The values given in Table II are only approximations due to 
the fact that the amounts of creatinine found are very small and 
the intensity of color developed is low. Hence, percentage er- 
rors in reading can be appreciable. However, results from all 
methods indicate values of the same order of magnitude and sug- 
gest that a small amount of creatinine occurs in blood. The 
values given by the 3,5-dinitrobenzoic acid procedure run low 
because the color developed fades readily. With the use of the 
Klett-Summerson photoelectric colorimeter, filter 54, the color 
given by 0.2 mg. of creatinine was constant for 10 minutes in 
both the alkaline picrate procedure and the quinone reaction, 
but it fell 9 per cent in 3 minutes and at least 20 per cent in 10 
minutes in the Benedict-Behre method. In our judgment, the 


procedure of Gaebler (8), wherein the creatinine is adsorbed on 
Lloyd’s reagent and is eluted therefrom by MgO and water, | 
seems preferable for the quantitative estimation. Several esti- 








August 


mations 
shown i 
Acco! 
atinine 
95 per 
Ir (Tab 
solutior 
solutior 
the qui 
and Ev: 
We c 
0.8 to I 
The 
Okuda’ 
by add 
bath. 
practic 
cedures 
i.e. 102 
How 
two pé 
was les 
was CO 
The 
amoun 
proced 
that of 
sibility 
could | 
recours 
which 
the Be 
glycoc: 
years, 
in Tal 
In t 
eviden 
Bened 
less ay 
sometl 
compa 
glycoce 
and, it 
formes 
results 
a cons 
that t] 


CHNS 
ro) 





ride 


lard 
the 
olu- 
cre- 


and 
rom 


able 
ions 


e in 


ach 
fter 
by 
and 
s of 


ent 
yd’s 


otal 
rent 
ring 
tion 
g 2 
ood 
ood 
lict- 
and 
The 
hen 
one 
nZ0- 
sion 


pro- 
two 
; Te- 


e to 
and 
> er- 
. all 
sug- 
The 
low 
the 
olor 
s in 
tion, 
n 10 
the 
d on 
ater, 
esti- 





August 1958 


mations by this procedure gave fairly concordant results, as 
shown in Table III. 

According to our tests, the Lloyd’s reagent adsorbs the cre- 
atinine quantitatively, and MgO and water elute it practically 
95 per cent. Thus, the deproteinized blood filtrate of subject 
Ir (Table IIT) was treated with Lloyd’s reagent. The decanted 
solution was negative for creatinine. Creatinine added to the 
solution matched a similar creatinine standard; 100 per cent by 
the quinone procedure, 99.3 per cent by the procedure of Langley 
and Evans, and 100.6 per cent by the procedure of Jaffe and Folin. 

We conclude that creatinine occurs in blood in small amounts, 
0.8 to 1.4 mg. per 100 ml. of blood. 

The Estimation of Creatine in Urine—Creatine added to 
Okuda’s synthetic urine (17) was readily converted to creatinine 
by addition of n HCl and evaporation to dryness on a water 
bath. The creatine determined from the total creatinine gave 
practically the same percentage of recovery by the three pro- 
cedures of Benedict-Behre, Jaffe and Folin, and Sullivan-Irreverre, 
ie. 102 per cent on the average. 

However, with normal urine from two patients and urine from 
two patients with prostatic hypertrophy, the total creatinine 
was less than the original creatinine, so the conversion procedure 
was considered unsatisfactory when applied to urine. 

The urine of several normal persons seemed to contain a small 
amount of creatine, 0.03 to 0.035 mg. per ml., according to the 
procedures of Benedict-Behre and Jaffe and Folin. However, 
that of Sullivan-Irreverre indicated no creatine. To test the pos- 
sibility that the higher creatine results by the first two methods 
could be due to the presence of some other chromogenic material, 
recourse was had to urines from muscular dystrophy patients in 
which we had found considerable apparent creatine by means of 
the Benedict-Behre procedure and in which we had found some 


glycocyamine. Two subjects were chosen: F. 8., a boy of 12 
years, and C. B. S., a male adult. The findings are given 
in Table IV. 


In the normal urines of relatively young men, there was little 
evidence of creatine. The fact that creatine is apparent by the 
Benedict-Behre procedure and the Jaffe-Folin procedure, but is 
less apparent by the Sullivan-Irreverre procedure, implies that 
something other than creatine was involved, 7.e. some compound 
comparable to glycocyamine which became converted in part to 
glycocyamidine in the evaporation procedure. It is possible also 
and, indeed, highly probable, that hydantoin-like material was 
formed as a result of heating the urine with acid. Study of the 
results from urines of muscular dystrophy patients suggests that 
a considerable amount of creatine exists in the urine, but also 
that there is material present such as glycocyamine, and uramino 
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Tas_e III 


Milligrams of creatinine in 100 ml. of blood, adsorbed 
and eluted according to Gaebler 








Subject Condition Sullivan-Irreverre| Jaffe-Folin |Benedict-Behre 
Ir Normal 1.36 1.33 
P Normal 0.84* (1.23)t| 1.12 (164) | 0.85 (1.36) 
Fo Hypertension |1.00 (1.18) | 1.13 (1.29)|0.93 (1.07) 





*The values are corrected for recovery of creatinine put 
through the Gaebler procedure. 

t The values in parentheses are before use of Gaebler’s extrac- 
tion procedure. 

















TaBLe IV 
Creatine in urines of patients with muscular dystrophy 
we —~y¥ d 
ii ons Creatinine Apparent creatine onan ah MgO 
fatient | ime and H 
| 
BB. IF | S13 BB. | LF. | S.I. B.B.| J.F. | s.1 
mil. mg./ml. mg./ml. at % 
FS. 1000/0. 136/0. 139/0. 137/0.557|0.623)0. 113 
C.B8. 940/0.72010.748/0.72410.825)0 .960/0.665/0.710,0.785/0 .654 

















* Benedict-Behre procedure. 
+ Jaffe-Folin procedure. 
¢ Sullivan-Irreverre procedure. 


compounds convertible to hydantoin-like compounds. The con- 
version of creatine to creatinine is not always satisfactory. 

A test must be devised for creatine itself, independent of 
creatinine or other guanido compounds. We have made some 
progress in developing such a test. 


SUMMARY 


A colorimetric test for creatinine is presented of greater speci- 
ficity than that of other methods in common use. 

This highly specific method has been applied to the estimation 
of creatinine in urine, and gives practically the same value in 
normal urine as do the other two procedures employed. It has 
been applied also to the estimation of blood creatinine and in- 
dicates the presence of a very small amount of true creatinine in 
blood, i.e. approximately 1 mg. in 100 ml. of whole blood. 

There was little creatine found in the urine of normal males. 

Indications were obtained that the estimation of creatine from 
total creatinine values in urines is unsatisfactory. 
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